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14.  ABSTRACT 

Estrogen-receptor  alpha  (ERa)-positive  and  progesterone  receptor  negative  (ER+/PR-)  breast  ductal  carcinomas  comprise  approximate  15- 
25%  of  human  breast  cancers.  However,  molecular  mechanisms  underlying  the  development  of  this  subtype  of  breast  cancer  remain  poorly 
understood.  This  project  is  to  study  the  molecular  mechanism(s)  underlying  ER+/PR-  breast  tumorigenesis.  Specifically,  we  proposed  to 
determine  genetic  and  epigenetic  alterations  in  the  initiation  and  progression  of  ER+/PR-  mammary  tumors  arising  in  Tip30-/-/MMTV-Neu 
mice.  We  demonstrated  that  Tip30  deletion  in  MMTV-Neu  mice  significantly  accelerates  the  formation  of  ER+/PR-  mammary  tumors.  An 
unbiased  DNA  microarray  analysis  revealed  that  Tip30  deletion  resulted  in  increased  activation  of  c  AMP -mediated  signaling,  EGF 
signaling,  IGF  signaling  and  PI3K/AKT  signaling  in  ER+/PR-  mammary  tumors.  Moreover,  we  reported  that  the  growth  of  ER+/PR- 
mammary  tumors  arising  in  our  mouse  models  depends  not  only  on  estrogen,  but  also  on  progesterone,  despite  the  absence  of  detectable  PR 
by  immunohistochemistry,  providing  a  rationale  for  targeting  PR  signaling  for  the  inhibition  of  ER+/PR-  breast  cancer  development.  Here 
we  report  that  loss  of  Tip30  cooperates  with  Neu  activation  to  enhance  the  activation  of  Akt  signaling  and  ERa  through  delaying  EGFR 
degradation  and  sustaining  EGFR  signaling.  In  addition,  we  demonstrate  that  treatment  of  ER+/PR-  mammary  tumor  cells  with  NVP- 
BEZ235  in  combination  with  tamoxifen  significantly  inhibited  cell  proliferation  compared  to  treatment  with  either  NVP-BEZ235  or 
tamoxifen  alone.  Together,  our  data  suggest  NVP-BEZ235  in  combination  with  tamoxifen  as  a  potential  therapeutic  strategy  for  treating 
ER+/PR-  breast  cancers  that  are  resistant  to  tamoxifen  or  trastuzumab. 

15.  SUBJECT  TERMS 

Estrogen  receptor,  progesterone  receptor,  breast  cancer,  tumorigenesis 
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Introduction: 

It  is  estimated  that  15-25%  of  all  human  breast  cancers  are  ER+/PR-  with  more  aggressive  malignant 
characteristics  and  poorer  response  to  SERMs  compared  to  ER+/PR+  breast  cancers  (1-3).  However,  the 
molecular  mechanism  underlying  development  of  ER+/PR-  breast  cancers  still  remains  elusive  (1).  Our 
data  indicates  that  deletion  of  Tip30,  a  tumor  suppressor,  leads  to  development  of  ER+/PR-  in  MMTV- 
Neu  mouse  model.  The  objective  of  this  research  project  was  to  determine  the  molecular  basis  of 
ER+/PR-  breast  tumor  development  promoted  by  Tip30  deletion.  Our  rationale  for  these  studies  was  that 
elucidation  of  molecular  basis  of  ER+/PR-  breast  tumor  development  has  the  potential  to  identify  new 
therapeutic  targets  and  strategies  in  the  treatment,  or  even  prevention,  of  breast  cancers  that  are  resistant 
to  anti-estrogen  therapy  (2,  4).  Specifically,  we  wanted  to  determine  genetic  and  epigenetic  alterations  in 
the  initiation  and  progression  of  ER+/PR-  mammary  tumors  arising  in  77/G0-/-/MMTV-Neu  mice;  and  to 
evaluate  IGF-I  and  Wisp-2  as  potential  therapeutic  targets  for  ER+/PR-  mammary  tumors  developed  in 
Tip30-/-  MMTV-Neu  mice. 

Body: 

Task  1.  Determine  specific  genetic  and  epigenetic  alterations  in  the  initiation  and  progression  of 
ER+/PR-  mammary  tumors  arising  in  77p30-/-/MMTV-Neu  and  7Yp30+/-/MMTV-Neu  mice.  The 

experiments  proposed  in  Task  1  were  completed.  We  have  demonstrated  that  deletion  of  Tip30  leads  to 
progressively  increased  numbers  of  p-Akt  positive  cells  in  the  mammary  glands  from  MMTV-Neu  mice. 
Our  data  indicate  that  the  relatively  earlier  onset  of  enhanced  activation  p-Akt  in  the  mammary  glands 
due  to  Tip30  loss  may  contribute  to  accelerated  mammary  tumorigenesis  in  Neu+/Tip30'/'  mice.  We  also 
found  that  the  genes  affected  by  Tip30  loss  in  breast  tumors  are  involved  in  ion  and  protein 
transportation,  cell  adhesion,  cell  proliferation  and  apoptosis  signaling  pathways  (see  Appendices). 
Ingenuity  pathway  analysis  of  altered  gene  profiles  revealed  that  cancer-associated  pathways  including 
EGF,  IGF-I  and  PI3K/AKT  signaling  pathways  were  affected  by  77/GO  deletion  in  Neu+  mammary 
tumors.  Importantly,  we  have  unraveled  a  novel  mechanism  in  which  TIP30  deletion  increases  EGFR 
signaling  pathway  (5,  6).  These  results  have  been  included  in  three  research  articles,  which  were 
published  in  2010  and  2011  (see  Appendices).  Together,  our  results  indicate  that  besides  increasing  IGF-I 
signaling,  enhancing  other  growth  factor  signaling  pathways  such  as  EGF  signaling  in  mammary 
epithelial  cells  could  also  contribute  to  the  development  of  ER+/PR-  mammary  tumors. 


Tip30_  deletion  leads  to  delayed  EGFR  degradation  and  sustained  EGFR  signaling.  Upon  binding 
EGF,  EGFR  proteins  are  rapidly  internalized  and  localized  in  early  endosomes,  where  they  are  either  sent 
back  to  the  plasma  membrane  or  sorted  into  late  endosomes  and  lysosomes  for  destruction  (7,  8).  Early 
endosomes  serve  as  a  platform  for  signaling  receptors  to  activate  specific  downstream  signaling  until 
ligand-receptor  dissociation  occurs  due  to  early  endosomal  acidification  mediated  by  vacuolar  (H+)- 
ATPases  (9,  10).  We  have  demonstrated  that  TIP30  regulates  EGFR  signaling  by  controlling  endocytic 
downregulation  of  EGFR  in  primary  hepatocytes  and  liver  cancer  cells.  Tip30  deletion  impairs  the  fusion 
of  Rab5  vesicles  carrying  vacuolar  (H+)-ATPases  with  early  endosomes  that  contain  internalized  EGF  and 
EGFR,  leading  to  delayed  EGFR  degradation  and  sustained  EGFR  signaling  (5).  Therefore,  we  questioned 
whether  the  increased  phosphorylation  of  Akt  and  ERa  in  Neu+fTip30'/'  mammary  gland  are  also  caused 
by  a  similar  mechanism.  First,  we  measured  the  protein  levels  of  EGFR  in  mammary  tumors  cells  isolated 
from  Neu+/Tip30 ~A  and  Neu+/Tip30+/+  mammary  tumors  in  response  to  EGF  treatment  at  various  times 
after  EGF  internalization.  We  used  an  experimental  approach  that  eliminates  the  interference  from 
continuous  ligand  internalization  and  nascent  protein  synthesis  to  measure  endocytic  degradation  of 
EGFR.  The  comparison  revealed  that  endocytic  degradation  of  EGFR  was  significantly  delayed  in 
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Neu+/Tip30'A  mammary  tumors  cells  compared  to  Neu+/Tip30+/+  mammary  tumors  cells,  indicating  that 
Tip30  deletion  impairs  endocytic  degradation  of  EGFR  (Fig.  1A  and  B). 


To  determine  whether  Tip30  deletion  can  block  EGFR  trafficking  from  early  endosomes  to  lysosomes  for 
degradation,  we  tracked  Alexa-488  conjugated  EGF  (Alexa488-EGF)  and  EGFR  in  normal  primary  MECs 
isolated  from  Tip30'A  and  Tip30+/+  mice.  The  majority  of  internalized  EGF  dissociated  from  EGFR  in 
wild  type  MECs  two  hours  after  EGF  internalization.  In  contrast,  they  remained  associated  with  EGFR  in 
Tip30~A  MECs  (EGF-EGFR  colocalization  in  wild  type  primary  MECs:  11%;  EGF-EGFR  colocalization  in 
Tip30'A  primary  MECs:  55%;  n  =  20,  P  =  0.004;  Fig.  1C  and  D),  indicating  that  Tip 30  deletion  causes  the 
trapping  of  EGF-EGFR  complex  in  endosomes  and  sustained  endosomal  EGFR  signaling.  To  rule  out  the 
possibility  that  Tip30  deletion  increased  Neu  transgene  expression  at  the  level  of  transcription,  we  used 
quantitative  RT-PCR  to  examine  the  mRNA  expression  of  Neu  transgene  in  5-  to  9-week-old 
Neu+/Tip30+/+  and  Neu+/Tip30'A  mice  and  found  no  significant  difference  (data  not  shown).  Together, 
these  results  suggest  that  Tip30  loss  may  prolong  EGFR  signaling,  which  cooperates  with  Neu  activation 
to  accelerate  Akt  activation  and  to  promote  the  formation  of  ER+/PR-  tumors.  These  results  were 
published  in  Cancer  Research  (11). 


Neu+ITip30 Neu+ITip30*l+ 
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Fig.  1.  Deletion  of 
Tip30  in  MECs  leads 
to  delayed  EGFR 
degradation.  A, 
Mammary  tumor 
cells  isolated  from 
Neu+ITip30'/'  and 
Neu+/Tip30+/+  mice 
were  incubated  with 
100  ng/ml  of  EGF 
for  1  hour  on  ice 
followed  by  washing 
with  cold  PBS  and 
then  incubated  in 
serum-free  medium 
containing  20  pg/ml 
of  cycloheximide  for 
the  indicated  times. 
Whole  cell  lysates 
were  blotted  with  the 
indicated  antibodies. 
B,  Quantification  of 
EGFR  protein  levels 
in  (A)  using  Odyssey 
2.1  software.  C, 
Primary  Tip30+/+  and 
Tip30  MECs  were 

subjected  to  EGFR  internalization  analysis.  Representative  confocal  microscope  images  show  the  localization  of 
EGFR  (red)  in  endosomes  after  two  hours  of  Alexa488-EGF  (green)  internalization.  Results  are  typical  and 
representative  of  three  experiments  on  primary  cells  from  two  mice  of  each  genotype.  Boxed  areas  are  magnified. 
Representative  cells  are  outlined  in  white.  The  colocalization  of  EGF  and  EGFR  (yellow)  in  Tip30~''  cells  is 
indicative  of  delayed  endocytic  degradation  of  EGFR;  the  nucleus  was  stained  with  DAPI  (Grey).  Scale  bar,  10  pm. 
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D,  Quantitative  analysis  of  EGF  and  EGFR  colocalization.  Twenty  cells  in  each  group  were  analyzed  using 
MBFimageJ.  Pearson’s  colocalization  coefficients  were  calculated  and  converted  to  percentages.  P  =  0.035;  t  test. 


Task  2.  Evaluate  IGF-I  and  Wisp-2  as  potential  therapeutic  targets  for  ER+/PR-  mammary  tumors 
developed  in  Tip30-/-  MMTV-Neu  mice.  We  have  completed  the  experiments  proposed  in  Task  2.  Our 
results  suggest  that  PI3K,  ER  and  PR  are  better  therapeutic  targets  for  ER+/PR-  mammary  tumors. 

AG1024,  an  IGF-IR  inhibitor,  can  not  effectively  inhibit  ER+/PR-  mammary  tumors  developed  in 

r,ip3fl~/7MMTV-Neu  mice.  Our  previous  results  showed  IGF-1  and  Wisp2  expression  are  increased  in 
Neu+/Tip30 f/'  tumors;  therefore,  we  have  generated  ER-/PR-  and  ER+/PR-T//GO+/+/MMTV-Neu  and 
r/pdO^TMMTV-Neu  mammary  tumor  cell  lines  for  testing  whether  IGF-1  and  Wisp2  (Task  2c)  in  year  2. 
The  growth  of  ER+/PR-  cells  at  the  initial  passages  requires  EGF  and  E2  (data  not  shown),  but  after 
cultured  in  vitro  for  20  passages,  the  growth  of  these  cells  was  independent  of  E2  (Figure  2.  left  panel). 
Based  on  our  recent  evidence  that  Tip30  loss  also  increases  EGF  signaling,  we  anticipate  that  inhibition 
of  IGF-I  and  IGF-IR  may  not  efficiently  inhibit  proliferation  of  ER+/PR-  tumor  cells.  Indeed,  addition  of 
AG  1024,  an  IGF-IR  inhibitor,  in  the  culture  medium  containing  tamoxifen  did  not  further  affect 
proliferation  of  ER+/PR-  mammary  tumor  cells  derived  from  77/GO-/-/ M  M  T  V- N  eu  mice  (Figure  2,  right 
panel). 


Time/hrs 


Fig.  2.  Effect  of  AG1024  on  the  proliferation  of  ER+/PR-  tumor  cells.  Cells  were  plated  into  96-well  culture 
plate  in  DMEM  medium  with  10%  FBS.  After  24  hrs,  medium  was  replaced  with  phenol  red -free  DMEM 
supplemented  with  10%  charcoal-stripped  FBS  (Gibico).  After  starvation  overnight,  10  nM  E2  (left  panel),  or  10 
nM  E2,  1  uM  tamoxifen  plus  nM  E2,  1  li.M  tamoxifen  plus  nM  E2  and  luM  AG1024  (right  panel)  were  added  to 
the  indicated  wells.  Ethanol  was  used  as  vehicle  control.  Cell  Counting  Kit-8  (Dojindo,  Japan)  was  used  to 
measure  cell  proliferation  at  indicated  times.  Absorbance  at  450  nm  was  measured  using  Fluostar  Optima  (BMG 
Labtech). 


A  combination  of  NVP-BEZ235  and  tamaxifen  has  a  better  inhibitory  effect  on  proliferation  of 

ER+/PR-  mammary  tumor  cells  compared  to  use  of  either  NVP-BEZ235  or  tamoxifen  alone.  A 

functional  property  of  breast  stem/progenitor  cells  is  their  ability  to  grow  as  non-adherent 
mammospheres.  Consistently,  we  also  found  that  Neu+Tip30v~  primary  mammary  epithelial  cells 
(MECs)  gave  rise  to  higher  numbers  and  larger  size  of  mammospheres  compared  to  Neu+Tip30+/+ 
primary  MECs  (Fig.4.  A  and  B).  Intriguingly,  Neu+Tip30~A  tumor  cells  also  gave  rise  to  higher  numbers 
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of  tumorospheres  compared  to  Neu+Tip30+/+  tumor  cells  (Fig.  4C);  the  growth  of  tumorospheres  was 
inhibited  by  NVP-BEZ235,  a  dual  pan  PI3K/mTOR  inhibitor  (Novartis).  It  appeared  that  Neu+Tip30A 
tumor  cells  are  more  sensitive  to  NVP-BEZ235  compared  to  Neu+Tip30+/+  tumor  cells  (Fig.  4D).  NVP- 
BEZ235  effectively  blocks  phosphorylation  of  Akt  and  induces  apoptosis  of  breast  cancer  cells  having 
either  HER2  amplification  and/or  PIK3CA  mutation.  This  inhibitor  is  currently  used  in  phase  I— II  clinical 
trials  for  treating  advanced  solid  tumors  including  advanced  HER2+  breast  cancers. 
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Fig.  4.  A  and  B,  Mammosphere 
forming  capacity  of  MECs  from 
Neu+/Tip30  '  and  Neu+/Tip30  +/+ 
mice.  MECs  were  isolated  from 
Neu+/Tip30  '  and  Neu+/Tip30  +/+ 
mice  of  5  months  old  (n=3). 
Histogram  showing  total  numbers  (A) 
and  size  (B)  of  mammosphere 
forming  from  5000  MECs  seeded.  C, 
Tumorsphere  forming  capacity  from 
tumor  cell  lines  derived  from 
Neu+/Tip30  '  and  Neu+/Tip30  +/+ 
mice.  Histogram  showing  total 
numbers  of  tumorsphere  forming 
from  1000  cells  of  Neu+/Tip30'A  and 
Neu+/Tip30+/+  cell  lines.  D,  Data 
showing  the  percentage  of 
tumorsphere  inhibitory  in  vitro  of 
Neu+/Tip30'A  and  Neu+/Tip30+/+ 
mice  tumor  cell  lines  treated  with 
NVB-BEZ235  (250nM)  for  a  week. 


We  have  established  primary  tumor  cell  lines  from  HER2+/ER+/PR-  and  HER2+/ER-/PR-  mouse  tumors 
and  tested  the  effect  of  trastuzumab  on  the  proliferation  of  these  two  primary  tumor  cell  lines.  We  found 
that  HER2+/ER+/PR-  tumor  cells  were  significantly  less  sensitive  to  trastuzumab  inhibition  compared  to 
HER2+/ER-/PR-  tumor  cells  (data  not  show).  Similarly,  knockdown  of  TIP30  in  human  HER2  positive 
breast  cancer  SKBr3  cells  (HER2+/ER-/PR-)  resulted  in  cells  resistance  to  growth  inhibition  by 
trastuzumab  (data  not  show).  These  results  suggest  that  TIP30  down-regulation  leads  to  resistance  of 
cancer  cells  to  trastuzumab.  Previous  studies  suggested  that  patients  with  ER+  positive  tumors 
containing  an  enhanced  PI3K  signaling,  and  patients  who  relapse  on  endocrine  therapy,  may  benefit  from 
therapeutics  targeting  both  the  ER  and  the  PI3K  pathways  (72);  therefore,  we  tested  whether  NVP- 
BEZ235  alone  or  in  combination  with  tamoxifen  affects  proliferation  of  ER+/PR-  tumor  cells  derived 
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from  Neu+Tip30'/'  mice.  Simultaneous  treatment  of  ER+/PR-  tumor  cells  with  NVP-BEZ235  and 
tamoxifen  robustly  inhibits  cell  proliferation  in  vitro,  whereas  NVP-BEZ235  or  tamoxifen  alone 
treatment  has  only  moderate  or  no  inhibition  of  proliferation  of  the  cells  in  vitro  (Fig.  5).  These  results 
suggest  that  a  combined  NVP-BEZ235  and  tamoxifen  treatment  is  a  potentially  effective  strategy  for 
treatment  of  ER+/PR-  breast  cancers.  Therefore,  we  propose  the  following  experiments  to  further  test  the 
working  hypothesis. 


Fig.  5.  Effect  of  NVP-BEZ235  and/or 
tamoxifen  on  growth  of  mouse 
HER2+/ER+/PR-  tumor  cells.  Tumor  cells 
were  seeded  in  96-well  plates  in  DMEM,  in  the 
presence  of  DMSO,  tamoxifen  (1pm),  NVP- 
BEZ235  (250  nM)  or  tamoxifen  (1pm)  plus 
NVP-BEZ235  (250  nM)  at  0  hr.  Proliferation 
was  analyzed  using  cell  counting  Kit-8  assay 
(Dojindo,  Kumamoto,  Japan)  at  indicated  time 
points  and  absorbance  at  485  nm  was 
measured.  Data  are  mean  of  ±  s.e.  from  three 
experiments.  Statistical  significance  was 
analyzed  by  a  t-test,  P  <  0.05;  NVP-BEZ235 
and  tamoxifen  versus  control  vehicle  treatment. 


In  summary,  the  outcomes  of  this  idea  grant  demonstrate  that  Tip30  deletion  resulted  in  enhanced 
EGFR/PI3K/AKT  signaling,  proliferation  of  ER+  MECs  and  development  of  ER+  mammary  tumors. 
Moreover,  HER2+/ER+/PR-  mammary  tumor  cells  derived  from  T/pJO'^/MMTV-Neu  mice  were 
resistant  to  trastuzumab  and  tamoxifen  but  sensitive  to  NVP-BEZ235  plus  tamoxifen. 


Key  research  Accomplishments: 

1.  Our  data  suggest  that  loss  of  Tip30  cooperates  with  Neu  activation  to  enhance  the  activation  of 
Akt  signaling,  leading  to  the  development  of  ER+/PR-  mammary  tumors. 

2.  Our  data  demonstrate  that  Tip 30  deletion  leads  to  delayed  EGFR  degradation  and  sustained  EGFR 
signaling  through  impairing  EGFR  intracellular  trafficking. 

3.  A  combined  NVP-BEZ235  and  tamoxifen  treatment  has  a  better  inhibitory  effect  on  proliferation  of 
ER+/PR-  mammary  tumor  cells  compared  to  the  use  of  either  NVP-BEZ235  or  tamoxifen  alone. 

Reportable  outcomes: 

1 .  Part  of  this  work  was  included  in  three  research  articles  that  have  been  published. 

a.  Zhang,  C-L,  Mori,  M.,  Gao,  S.,  Li,  A-M.,  Hoshino,  I.,  Aupperlee,  M.D.,  Haslam,  S.  Z.,  and  Xiao, 
H.,  (2010).Tip30  Deletion  in  MMTV-Neu  Mice  Leads  to  Enhanced  EGFR  Signaling  and  Development  of 
Estrogen  Receptor-Positive  and  Progesterone  Receptor-Negative  Mammary  Tumors.  Cancer  Res.  Dec. 
15,70:10224-10233 
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b.  Zhang  C,  Li  A,  Zhang  X,  Xiao  H.  (2011)  A  novel  TIP30  protein  complex  regulates  EGF  receptor 
signaling  and  endocytic  degradation.  J  Biol  Chem.  Mar  18;286  (1  l):9373-81.Jan  20.  [Epub  ahead  of 
print] 

c.  Zhang  C,  Li  A,  Gao  S,  Zhang  X.  Xiao  H.  (2011)  The  TIP30  Protein  Complex,  Arachidonic  Acid 
and  Coenzyme  A  Are  Required  for  Vesicle  Membrane  Fusion.  PLoS  One.;6( 6):e21233.  Epub  2011  Jun 
24. 

2.  Part  of  this  work  is  included  in  the  PH.D.  dissertation  by  Chengliang  Zhang,  a  graduate  student  supported  by 
this  award,  and  his  thesis  has  been  defended  successfully  on  Sept.  7,  2010. 

3.  Part  of  this  work  was  presented  as  a  poster  in  Era  Hope  conference  at  Orlando,  Florida  in  Aug.  2011. 

4.  A  Breast  Cancer  DOD  Idea  expansion  award  application  entitled  “Elucidation  and  targeting  of  novel 
oncogenic  pathways  essential  for  ER+/PR+  and  ER+/PR-  breast  cancers”  is  submitted  based  on  work 
supported  by  this  award. 


Conclusions:  Our  data  suggest  that  enhanced  EGFR  signaling  induced  by  TIP30  deletion  contributes  to 
ER+/PR-  breast  cancers  and  a  combined  NVP-BEZ235  with  tamoxifen  treatment  has  a  better  inhibitory 
effect  on  proliferation  of  ER+/PR-  mammary  tumor  cells  compared  to  the  use  of  either  PI3K  or 
tamoxifen  alone. 
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Upregulated  genes 


Gene 

symbol 

Gene  name 

GenBank 

Accession# 

Function 

Fold 

change 

Transport 

Rbp7 

Retinoid  binding  protein  7 

NM  022020 

Transport 

10.77 

Slc38Al 

Solute  carrier  family  38,  member 

1 

NM_012038 

Ion/amino  acid  Transport 

9.04 

Gabra4 

Gamma-aminobutyric  acid 
(GABA)  A  receptor,  alpha  4 

NM_0 10251 

Transport 

3.74 

Gria4 

Glutamate  receptor  ionotropic, 
AMPA4 

NM_0 19691 

transport  ion  transport 

3.00 

Slc2al 

solute  carrier  family  2, member  1 

NM011400 

transport 

2.86 

Scp2 

Sterol  carrier  protein  2 

NM_0 11327 

lipid  transport 

2.40 

Signal  transduction 

Pik3cg 

Phosphoinositide-3  -kinase, 
catalytic,  gamma  polypeptide 

NM_020272 

Phosphorylation 

2.73 

Tacr3 

Tachykinin  receptor  3 

NM_021382 

G-protein  coupled  receptor 
protein  signaling  pathway 

2.70 

Mknkl 

MAP  kinase  interacting 
serine/threonine  kinase  1 

NM  021461 

protein  kinase  cascade 

2.67 

EGF 

Epidermal  growth  factor 

NM010113 

epidermal  growth  factor 
receptor  signaling  pathway 

2.41 

Arl4d 

ADP-ribosylation  factor-like  4D 

NM  025404 

small  GTPase  mediated 
signal  transduction 

2.30 

Rablb 

Ras-related  protein  Rab-IB 

NM  029576 

small  GTPase  mediated 
signal  transduction 

2.30 

Cell  adhesion  and  cell  cycle  control 

Glycaml 

Glycosylation-dependent  cell 
adhesion  molecule- 1 

NM_008134 

Cell  adhesion 

8.02 

G0s2 

G0/G1  switch  regulatory  protein 

2 

NM_008059 

cell  cycle 

5.27 

Smocl 

Secreted  modular  calcium¬ 
binding  protein  1 

NM_022316 

Cell  adhesion 

3.63 

Crispld2 

Cysteine-rich  secretory  protein 
LCCL  domain  containing  2 

NM_030209 

extracellular  matrix 
organization 

3.23 

Spink5 

Serine  peptidase  inhibitor,  Kazal 
type  5 

NM  0010811 

80 

regulation  of  cell 
adhesion/negative 
regulation  of  proteolysis 

2.87 

Cdknlc 

Cyclin-dependent  kinase  inhibitor 
1C 

NM  009876 

cell  cycle  arrest 

2.26 

Casp6 

Caspase  6,  apoptosis-related 
cysteine  peptidase 

NM  0098 1 1 

induction  of  apoptosis 

2.13 

Regulation  of  Transcription 

Cited4 

CBP/p3  00-interacting 
transactivator  4 

NM_0 19563 

regulation  of  transcription 

2.97 

Barx2 

BARX  homeobox  2 

NM  013800 

regulation  of  transcription, 
DNA-dependent 

2.46 

Cdknlc 

Cyclin-dependent  kinase  inhibitor 
1C  (p57,  Kip2) 

NM  009876 

negative  regulation  of 
transcription  from  RNA 
polymerase  II  promoter 

2.25 

Txnip 

Thioredoxin  interacting  protein 

NM  00 10099 

35 

regulation  of  transcription, 
DNA-dependent 

2.01 

Protein  degradation 

Laol 

L-amino  acid  oxidase  1 

NM_133892 

amino  acid  catabolic 

process 

5.99 

Ctsf 

Cathepsin  F 

NM_0 19861 

proteolysis 

3.11 

Spop 

Speckle-type  POZ  protein 

NM_025287 

ubiquitin-dependent  protein 
catabolic  process 

2.07 

Rnf20 

Ring  finger  protein  20 

NM_1 82999 

ubiquitin-dependent  protein 
catabolic  process  // 
chromatin  modification 

2.03 

Fbxo3 1 

F-box  protein  31 

NM_133765 

ubiquitin-dependent  protein 
catabolic  process 

2.03 

Downregulated  genes 


Gene 

symbol 

Gene  name 

GenBank 

Accession# 

Function 

Fold 

change 

Transport 

Apod 

Apolipoprotein  D 

NM_007470 

transport 

16.38 

Slc35fl 

Solute  carrier  family  35,  member 
FI 

NM_1 78675 

transport 

4.78 

Mupl 

Major  urinary  protein  1 

NM_031 188 

transport 

3.69 

Slc26a9 

Solute  carrier  family  26,  member 

9 

NM_1 77243 

transport 

3.19 

Trpv6 

Transient  receptor  potential 
cation  channel,  subfamily  V, 
member  6 

NM_022413 

transport 

3.15 

Regulation  of  transcription 

M205 

Interferon  activated  gene  205 

NM_1 72648 

regulation  of  transcription, 
DNA-dependent 

3.90 

Ifi204 

Interferon  activated  gene  204 

NM  008329 

regulation  of  transcription 

3.63 

Lass6 

LAG1  homolog,  ceramide 
synthase  6 

NM_1 72856 

regulation  of  transcription 

2.90 

Rbm39 

RNA  binding  motif  protein  39 

AY061882 

transcription 

2.59 

Signal  transduction 

Serpina3 

f 

serine  (or  cysteine)  peptidase 
inhibitor 

NM  00 10333 

35 

response  to  cytokine 
stimulus 

7.65 

Ill  8rl 

Interleukin  18  receptor  1 

NM  008365 

signal  transduction 

3.09 

Rasgrpl 

RAS  guanyl  releasing  protein  1 

NM_0 11246 

intracellular  signaling 
cascade 

2.98 

Angptl 

Angiopoietin  1 

NM  009640 

signal  transduction 

2.95 

Gpr64 

G  protein-coupled  receptor  64 

NM_178712 

signal  transduction 

2.77 

Gprc5b 

G  protein-coupled  receptor, 
family  C,  group  5,  member  B 

NM  022420 

signal  transduction 

2.65 

Rassf9 

Ras  association  (RalGDS/AF-6) 
domain  family  (N-terminal) 
member  9 

NM_ 146240 

signal  transduction 

2.55 

Fgfl3 

Fibroblast  growth  factor  13 

NM_0 10200 

MAPKKK  cascade 

2.50 

Vipr2 

Vasoactive  intestinal  peptide 
receptor  2 

NM  0095 1 1 

G-protein  coupled  receptor 
protein  signaling  pathway 

2.46 

Gpr97 

G  protein-coupled  receptor  97 

NM_1 73036 

G-protein  coupled  receptor 
protein  signaling  pathway 

2.22 

Cell  adhesion  and  cycle  control 

Htatip2 

HIV-1  Tat  interactive  protein  2, 
30kDa 

NM_0 16865 

cell  cycle 

5.37 

Fmnl2 

Formin  homology  2  domain 
containing  2 

NM_1 72409 

cellular  component 
organization 

4.20 

Vcan 

Chondroitin  sulfate  proteoglycan 

NM_0010812 

49 

cell  adhesion 

3.8 

Protein  degradation 

Cpe 

carboxypeptidase  E 

NM_0 13494 

proteolysis 

6.52 

St8sia6 

ST8  alpha-N-acetyl-neuraminide 
alpha-2, 8-sialyltransferase  6 

NM_145838 

protein  amino  acid 
glycosylation 

5.83 

DpplO 

Dipeptidyl  peptidase  IV-related 
protein  3 

NM_1 99021 

proteolysis 

5.29 

Rnfl25 

Ring  finger  protein  125 

NM  026301 

ubiquitin-dependent  protein 
catabolic  process 

2.50 

Ube216 

Ubiquitin-conjugating  enzyme 

E2L  6 

NM_0 19949 

ubiquitin-dependent  protein 
catabolic  process 

2.33 

Other  biological  process 

Tacstd2 

Tumor-associated  calcium  signal 
transducer  2 

NM  020047 

biological_process 

5.74 

Adipoq 

Adiponectin,  C1Q  and  collagen 
domain  containing 

NM  009605 

glucose  metabolic  process 

5.62 

CxcllO 

Chemokine  (C-X-C  motif)  ligand 
10 

NM_021274 

inflammatory  response 

3.75 

Cyp2el 

Cytochrome  P450,  family  2, 
subfamily  E,  polypeptide  1 

NM_021282 

oxidation  reduction 

3.49 
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Tip30  Deletion  in  MMTV-Neu  Mice  Leads  to  Enhanced  EGFR 
Signaling  and  Development  of  Estrogen  Receptor-Positive 
and  Progesterone  Receptor-Negative  Mammary  Tumors 

Chengliang  Zhang1,2,  Mikito  Mori1,  Shenglan  Gao1,3,  Aimin  Li1,4,  Isamu  Hoshino1,  Mark  D.  Aupperlee1, 
Sandra  Z.  Haslam1,  and  Hua  Xiao1,2 


Abstract 

Estrogen  receptor-positive  and  progesterone  receptor-negative  (ER+/PR— )  breast  cancers  account  for  15% 
to  25%  of  all  human  breast  cancers  and  display  more  aggressive  malignant  characteristics  than  ER+/PR+ 
cancers.  However,  the  molecular  mechanism  underlying  development  of  ER+/PR—  breast  cancers  still  remains 
elusive.  We  show  here  that  Tip30  deletion  dramatically  accelerated  the  onset  of  mammary  tumors  in  the  MMTV- 
Neu  mouse  model  of  breast  cancer.  The  mammary  tumors  arising  in  /MMTV-Neu  mice  were  exclusively 

ER+/PR— .  The  growth  of  these  ER+/PR—  tumors  depends  not  only  on  estrogen  but  also  on  progesterone 
despite  the  absence  of  detectable  PR.  Tip30  is  predominantly  expressed  in  ER+  mammary  epithelial  cells,  and  its 
deletion  leads  to  an  increase  in  the  number  of  phospho-ERa-positive  cells  in  mammary  glands  and  accelerated 
activation  of  Akt  in  MMTV-Neu  mice.  Moreover,  we  found  that  Tip30  regulates  the  EGFR  pathway  through 
controlling  endocytic  downregulation  of  EGFR  protein  level  and  signaling.  Together,  these  findings  suggest  a 
novel  mechanism  in  which  loss  of  Tip30  cooperates  with  Neu  activation  to  enhance  the  activation  of  Akt 
signaling,  leading  to  the  development  of  ER+/PR—  mammary  tumors.  Cancer  Res;  70(24);  10224-33.  ©2010  AACR. 


Introduction 

Despite  considerable  success  in  the  treatment  of  estrogen 
receptor-positive  and  progesterone  receptor-positive  (ER+/ 
PR+)  breast  cancers  with  therapies  directed  at  targeting 
estrogen  and  ERa,  a  substantial  fraction  of  patients  with 
ER+/PR—  tumors  do  not  benefit  significantly  from  these 
therapies  (1,  2).  It  is  estimated  that  15%  to  25%  of  all  human 
breast  cancers  are  ER+/PR—  with  more  aggressive  malignant 
characteristics  and  poorer  response  to  selective  estrogen 
receptor  modulators  than  ER+/PR+  breast  cancers  (2-4). 
Moreover,  25%  of  ER+/PR—  tumors  are  found  to  have 
HER2/Neu  overexpression;  patients  with  this  subtype  of 
ER+/PR—  breast  cancer  have  an  extremely  poor  response 
to  endocrine  treatment.  While  several  lines  of  evidence  sug- 
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gest  that  ER+/PR—  tumors  can  be  derived  from  ER+/PR+ 
tumors  by  the  loss  of  PR  expression  due  to  anti-hormone 
therapy,  studies  indicate  that  ER+/PR—  tumors  could  arise  de 
novo  from  other  etiologic  factors  (5).  To  date,  the  mechanisms 
underlying  de  novo  and  acquired  ER+/PR—  breast  cancer 
remain  poorly  defined.  Thus,  elucidation  of  the  molecular 
basis  of  ER+/PR—  breast  tumor  development  has  the  poten¬ 
tial  to  reveal  new  therapeutic  targets  for  the  treatment,  and 
even  prevention  of  the  resistance  to  anti-estrogen  therapy  in 
breast  cancer  patients. 

There  are  several  hypotheses  to  explain  the  development 
of  ER+/PR—  breast  cancers.  These  include  inhibition  of  PR 
transcription  by  aberrant  ER  cofactors  or  nonfunctional  ER, 
reduced  ER  activity  due  to  lower  circulating  estrogen  levels, 
hypermethylation  of  PR  promoter,  or  by  growth  factor 
signaling  pathways  (6).  Of  particular  interest  are  growth 
factor  signaling  pathways,  in  which  aberrations  are  common 
in  many  human  cancers  (7,  8).  Among  the  growth  factor 
receptors,  HER2/Neu  is  the  most  frequently  altered  receptor 
in  breast  cancers.  While  most  of  HER2  positive  breast 
cancers  are  ER— /PR— ,  only  a  small  fraction  are  ER+/ 
PR+  or  ER+/PR— ,  suggesting  that  HER2  may  inhibit  ER 
expression  as  well  as  PR  expression  (6).  This  hypothesis  is 
supported  by  the  observation  that  mouse  models  of  breast 
cancer  harboring  a  HER2/Neu  transgene  almost  exclusively 
develop  ER— /PR—  mammary  tumors.  In  addition,  when 
transfected  with  HER2-expressing  vectors,  ER+/PR+  breast 
cancer  cells  exhibited  a  significant  decrease  in  ER 
and  PR  expression  (8).  Nevertheless,  the  mechanism  by 
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which  activation  of  HER2/Neu  leads  to  the  development 
of  ER—  /PR—  but  not  ER+  breast  cancer  remains  poorly 
understood. 

TIP30,  also  known  as  CC3,  is  a  30-kDa  human  cellular 
protein  that  was  purified  as  a  HIV-1  Tat  interacting  protein 
(9)  and  its  expression  is  altered  in  human  liver,  lung,  and 
breast  cancers  (10-13).  Our  previous  studies  showed  that 
Tip30- deficient  mice  spontaneously  develop  tumors  in  several 
tissues  and  mammary  preneoplastic  lesions,  suggesting  that 
TIP30  acts  as  a  tumor  suppressor  (10,  14).  Its  tumor  suppres¬ 
sor  activity  is  probably  due  to  multiple  mechanisms.  TIP30 
functions  as  a  transcription  cofactor  to  repress  expression  of 
genes  that  are  involved  in  proliferation  and  apoptosis  (15,  16) 
and  it  can  induce  apoptosis  as  an  inhibitor  of  nuclear  import 
(17).  In  particular,  TIP30  can  act  as  a  repressor  of  ERa- 
mediated  c-Myc  transcription  in  mammary  glands  and  breast 
cancer  cells  (15).  In  addition,  recent  evidence  has  highlighted 
that  TIP30  controls  endocytic  downregulation  of  the  EGFR 
signaling  pathway  in  primary  hepatocytes  and  hepatocellular 
carcinoma  cells  (C.  Zhang,  A.  Li,  X.  Zhang,  and  H.  Xiao, 
submitted  manuscript). 

The  multiple  functions  of  TIP30  have  prompted  the  spec¬ 
ulation  that  its  loss  may  contribute  to  mammary  tumorigen- 
esis  induced  by  activation  of  oncogenes.  Therefore,  we  aimed 
to  determine  whether  Tip30  deletion  enhances  mammary 
tumorigenesis  in  MMTV-Neu  mice.  We  report  here  that 
Tip30  deletion  cooperates  with  HER2/Neu  activation  to  pro¬ 
mote  the  development  of  ER+/PR—  mammary  tumors,  in 
part,  through  upregulation  of  the  EGFR  signaling  pathway. 
The  growth  of  these  ER+/PR—  tumors  seemed  to  depend 
upon  both  estrogen  and  progesterone.  Thus,  the  Neu+/ 
Tip30~f~  mouse  model  may  help  decipher  the  mechanisms 
leading  to  ER+/PR—  mammary  tumors  and  identify  thera¬ 
peutic  targets  for  this  subgroup  of  tumors. 

Materials  and  Methods 

Mice,  primary  MECs,  and  tumor  cells 

Tip30+/~  mice  in  FBV  genetic  background  were  generated 
by  backcrossing  Tip30+/~  C57BL/6  mice  (14)  7  times  with 
FBV  mice.  Tip30+/~  mice  in  FBV  background  were  bred  with 
MMTV-Neu  mice  (FVB/N-Tg;  Jackson  Laboratory)  to  gen¬ 
erate  Neu+/Tip30~/~,  Neu+/Tip3+/~  and  Neu+/Tip30+/+ 
mice.  Primary  MECs  and  tumor  cells  were  isolated  and 
cultured  as  described  previously  (43).  For  tumor  transplan¬ 
tation  assays,  all  recipient  mice  were  8-week-old  Nu/Nu 
female  nude  mice  (Charles  River).  For  ovariectomized  mice, 
both  ovaries  were  removed  under  anesthesia.  Placebo  (25 
mg,  90-day  release),  17-estradiol  or  estrogen  (0.1  mg  E2,  90- 
day  release),  progesterone  (35  mg  P4,  21-day  release),  or  E2 
+  P4  pellets  (0.1  mg  E2  +  32.5  mg  P4,  90-day  release)  were 
purchased  from  Innovative  Research  of  America  and 
implanted  subcutaneously  in  the  front  flanks  of  each  mouse. 
RU486  was  purchased  from  Calbiochem.  Mice  were  sacri¬ 
ficed  at  the  end  of  3  months  or  when  the  tumor  volume 
reached  1  cm3.  All  mice  were  housed  and  cared  for  in  the 
Animal  Facility  at  Michigan  State  University  according  to 
institutional  guidelines. 


Immunofluorescence  and  immunohistochemistry 

Immunofluorescent  staining  of  mouse  mammary  tissues 
was  carried  out  as  follow.  After  deparaffinization  and  rehy¬ 
dration,  tissue  sections  were  autoclaved  and  then  incubated 
with  primary  antibody  specific  for  ERa  (MC-20,  1:50;  Santa 
Cruz  Biotechnology),  p-ERa  (Santa  Cruz  Biotechnology),  PR-A 
(hPRa7,  1:50;  Labvision),  PR-B  (hPRa6,  1:50;  Labvision),  or 
(3-Gal  (Promega)  at  4°C  overnight.  After  PBS  rinse,  tissue 
sections  were  sequentially  incubated  for  30  minutes  at  room 
temperature  with  diluted  goat  anti-rabbit  or  mouse  Alexa-488- 
or  Alexa-594-conjugated  secondary  antibody  (1:200;  Molecu¬ 
lar  Probes).  Nuclei  were  counterstained  with  4’,6-diamidino-2- 
phenylindole  (DAPI).  Immunohistochemical  staining  of 
mouse  mammary  tissues  was  described  previously  (44). 
Immunohistochemical  analysis  of  p-Akt  at  Ser473  (1:50;  Cell 
Signaling  Technologies)  and  p-ERa  (Santa  Cruz  Biotechnol¬ 
ogy)  were  carried  out  as  described  previously  (44). 

EGFR  internalization  assay 

Tip30+/+  and  Tip30~/  primary  mammary  epithelial  cells 
were  isolated  from  2-month-old  Tip30+/+  and  r/p3d_/_ 
female  mice  and  cultured  as  previously  described  (14)  and 
then  serum-starved  for  3  hours.  Cells  were  incubated  with  100 
ng/mL  of  Alexa488-EGF  (Invitrogen)  and  20  pg/mL  of  cyclo- 
heximide  on  ice  for  1  hour  and  then  washed  4  times  with  cold 
PBS  before  being  incubated  in  DMEM  with  20  pg/mL  of 
cycloheximide  at  37°  C  for  2  hours.  Cells  were  fixed  in  4% 
paraformaldehyde  in  PBS  for  15  minutes,  permeabilized  with 
0.1%  Triton  X-100  for  2  minutes,  and  stained  for  EGFR.  Images 
were  obtained  with  a  Zeiss  LSM  510  Meta  confocal  micro¬ 
scope  (Carl  Zeiss),  using  Plan-Apochromat  63  x  /1.40  Oil  objec¬ 
tive.  Pinhole  size  was  set  to  1  airy  unit  for  all  channels.  All 
images  are  representative  of  single  optical  sections. 

Statistical  analysis 

Comparisons  among  groups  were  analyzed  by  2-sided  t  test 
or  Fisher's  exact  test.  A  difference  of  P<  0.05  was  considered  to 
be  statistically  significant.  All  analyses  were  done  with  SPSS 
software,  Version  11.5.  Data  are  expressed  as  mean  ±  SEM. 

Results 

Tip30  deletion  significantly  accelerates  mammary 
tumorigenesis  in  MMTV-Neu  mice 

To  investigate  whether  Tip30  deletion  cooperates  with  HER2/ 
Neu  to  promote  mammary  tumorigenesis,  we  generated  Tip30- 
knockout  mice  with  overexpression  of  Neu  by  crossing  the 
MMTV-Neu  transgene  from  MMTV-Neu  mice  (FVB/N-Tg;  ref. 
18)  into  Tip30~/~  FBV  mice.  Neu+  / Tip30~/~  mice  appeared 
similar  to  Neu+  /  Tip30+/+  mice  in  size  and  reached  weaning 
age  at  the  expected  Mendelian  frequency.  A  cohort  of  Neu+/ 
Tip30~/~,  Neu+/Tip30+/~,  andNeu+/Tip30+/+  female  mice  were 
monitored  for  75  weeks.  Mammary  tumors  were  noted  to  appear 
earlier  in  Neu+/Tip30~/~  mice  than  in  Neu+/Tip30+/+  mice. 
Kaplan-Meier  survival  curves  (Fig.  1A)  were  generated  on  the 
basis  of  the  time  of  palpable  tumor  formation.  We  observed  that 
50%  of  Neu+/Tip30+/+  mice  developed  mammary  tumors  with  a 
relatively  long  median  latency  of  58  weeks.  The  relatively  longer 
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Figure  1.  Tip30  deletion  significantly  accelerates  the  onset  of  mammary 
tumors  in  MMTV-Neu  mice.  Neu+/Tip30+/+  {n  =  10),  Neu+/Tip30+/~  {n  = 
15),  and  Neu+/Tip30~'~  {n  =  10)  female  mice  were  monitored  weekly  for  a 
period  of  75  weeks  and  sacrificed  at  the  endpoint  or  when  tumor  volume 
reached  0.5  cm3.  A,  Kaplan-Meier  analysis  of  survival  as  the  function  of 
palpable  tumor.  The  data  were  plotted  as  percentage  of  tumor-free 
animals  against  the  time  in  weeks.  P  <  0.0001 ;  log-rank  test.  B, 
representative  hematoxylin  and  eosin-stained  mammary  tumors  arising  in 
Neu+/Tip30~/~  mice.  A  poorly  differentiated  adenocarcinoma  with  solid 
growth  pattern  (B1);  a  moderately  differentiated  adenocarcinoma  with 
glandular  growth  pattern  (B2);  and  a  pulmonary  metastasis  (B3).  Scale  bar, 
50  pm.  C,  representative  immunohistochemical  staining  of  mammary 
tumors  for  K8  (brown  staining  indicates  presence  of  K8)  and  aSMA  (lack  of 
brown  staining  indicates  the  lack  of  aSMA).  Scale  bar,  10  pm. 

median  latency  and  lower  frequency  of  tumors  arising  in  Neu+/ 
Tip30+/+  mice  than  those  in  MMTV-Neu  mice  (18)  are  possibly 
due  to  only  1  MMTV-Neu  wild-type  transgene  allele  in  Neu+/ 
Tip30+/+  mice.  In  contrast,  all  Neu+/Tip30~/  mice  developed 
tumors  at  a  median  age  of  37  weeks  and  87%  of  Neu+ /Tip30+/~ 
mice  developed  tumors  at  a  median  age  of  45  weeks.  Histologic 
analysis  showed  that  Neu+  /TipSCT^  tumors  were  poorly  or 
moderately  differentiated  mammary  tumors  with  solid  or  gland¬ 
ular  growth  patterns,  which  are  morphologically  similar  to  the 


mammary  tumors  arising  in  MMTV-Neu  mice  (Fig.  1B1  and  B2). 
Immunohistochemical  staining  of  paraffin-embedded  tumor 
sections  revealed  that  Neu+ / Tip30~l~  or  Neu+/Tip30+/+  tumor 
cells  were  mostly  Keratin  (K8)-positive  and  a-smooth  muscle 
actin  (aSMA)-negative  (Fig.  1C),  indicating  that  Neu+/Tip30~/~ 
tumors  are  of  the  luminal  cell  type  similar  to  MMTV-Neu  tumors 
(19).  The  presence  of  metastasis  in  the  lung  was  observed  in  4  of 
10  Neu+ /TipSOT^  mice,  whereas  metastasis  was  detected  in  1  of 
10  Neu+/Tip30+/+  mice.  These  results  suggest  that  Tip30  loss 
accelerates  the  onset  of  mammary  luminal  tumors  in  MMTV- 
Neu  mice  and  possibly  increases  metastasis. 

Deletion  of  Tip30  results  in  a  shift  from  development  of 
ER/PR”  tumors  to  ER+/PR~  tumors  in  the  MMTV-Neu 
mouse  model 

It  is  well  known  that  MMTV-Neu  transgenic  mice  develop 
mammary  tumors  composed  almost  exclusively  of  ER— /PR— 
luminal  epithelial  cells.  Surprisingly,  we  found  that  all  Neu+/ 
Tip30~/~  tumors  (n  =  8)  and  50%  of  Neu+/Tip30+/~  tumors 
( n  =  6)  examined  showed  an  ER+/PR—  staining  pattern 
(Fig.  2B)  whereas  89%  Neu+/Tip30+/+  tumors  (n  =  9)  were 
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Figure  2.  Mammary  tumors  arising  in  Neu+/Tip30~,~  mice  are  exclusively 
ER+/PR-.  A-C,  representative  immunofluorescent  staining  of  ERa  (red), 
PR-A  (green),  and  PR-B  (green)  in  the  positive  control  uterus  (A)  and 
mammary  tumors  arising  in  Neu+/Tip30~/~  mice  (B)  or  Neu+/Tip30+/+ 
mice  (C).  T umor  sections  were  stained  with  anti-ERa-,  anti-PR-A  (hPRa7)-, 
or  anti-PR-B  (hPRa6)-specific  antibodies,  followed  by  counterstaining  with 
DAPI.  Scale  bar,  10  pm. 
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Development  of  ER+/PR-  Mammary  Tumors  in  Neu+/Tip  30  '  Mice 


Table  1.  ERa  and 

PR  staining 

in  mammary 

tumors 

Tumors 

ER+/PR- 

ER-/PR- 

Neu+/Tip30~/~ 

100%  (8/8) 

0%  (0/8) 

Neu+/Tip30+/- 

50%  (3/6) 

50%  (3/6) 

Neu+/Tip30+,+ 

1 1  %  (1/9) 

89%  (8/9) 

ER—  /PR—  (Fig.  2C),  indicating  that  Neu+ /Tip30~/~  mice  were 
more  likely  to  develop  ER+/PR—  mammary  tumors  than 
Neu+/Tip30+/+  mice  (Table  1, 100%  vs.  11%;  P  =  0.004).  These 
results  suggest  that  Tip30  loss  combined  with  the  activation  of 
Neu  promotes  development  of  ER+/PR—  mammary  tumors. 


Estrogen  and  progesterone  promote  growth  of  Neu+ / 
Tip30  /  mammary  tumors 

To  determine  whether  ER+/PR—  mammary  tumors  arising 
in  Neu^ /Tip30~/~  were  ovarian  hormone  dependent,  we  first 
transplanted  small  pieces  of  freshly  dissected  tumors  into 
ovary-intact  (non-OVX)  and  ovariectomized  (OVX)  nude  mice 
and  then  monitored  the  growth  of  transplanted  tumor  tissues. 
Remarkably,  removal  of  both  ovaries  from  recipient  mice 
drastically  reduced  growth  and  progress  of  transplanted 
tumors,  suggesting  that  ER+/PR—  mammary  tumors  that 
developed  in  Neu+ /TipSO-^  mice  are  ovary  dependent 
(Fig.  3A).  Next,  we  transplanted  small  pieces  of  freshly  dis¬ 
sected  tumors  into  OVX  mice  supplemented  with  placebo, 
estrogen,  progesterone,  or  estrogen  plus  progesterone  pellets 
(Fig.  3B  and  Supplementary  Fig.  1).  Surprisingly,  estrogen  plus 
progesterone  strongly  promoted  tumor  growth  compared 
with  placebo  ( P  =  0.04)  whereas  estrogen  or  progesterone 
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Figure  3.  Growth  of  ER+/PR-  tumors  arising  in  Neu+/Tip30~/~  mice  depends  upon  estrogen  and  progesterone.  A,  two  ER+/PR-  mammary  tumors 
from  Neu+/Tip30/  mice  were  minced  and  inoculated  subcutaneously  (s.c.)  in  the  front  flanks  of  ovary-intact  (n  =  16)  or  ovariectomized  (n  =  9)  mice. 
The  graph  represents  the  measurements  of  tumors  by  the  end  of  3  months  after  transplantations  or  when  the  tumor  volume  reaches  1  cm3.  P  =  0.012. 
B,  two  ER+/PR-  mammary  tumors  from  Neu+/Tip30~/~  mice  were  minced  and  inoculated  s.c.  in  the  front  flanks  of  ovariectomized  mice  supplemented 
with  placebo  (n  =  10),  estrogen  (E2,  n  =  6),  progesterone  (P4,  n  =  6),  or  E2  plus  P4  (n  =  7)  pellets.  The  graphs  show  the  measurements  of  tumor 
volumes  by  the  end  of  3  months  after  transplantations  or  when  the  tumor  volume  reaches  1  cm3.  P  =  0.039  (placebo  vs.  E2  +  P4).  Note  that  tumor 
growth  in  2  mice  of  the  placebo  group  was  independent  of  ovarian  hormones.  C,  growth  of  ER+/PR-  tumors  after  being  treated  with  saline/ethanol  vehicle  or 
RU486.  Two  ER+/PR-  tumors  arising  in  Neu+/Tip30~/~  female  mice  were  minced  and  inoculated  s.c.  to  nude  mice.  After  transplanted  tumors  reached 
approximately  0.5  cm  in  diameter,  mice  were  divided  into  2  groups  to  be  treated  with  either  RU486  (6.5  mg/kg  of  body  weight)  or  saline/ethanol 
vehicle  solution  s.c.  daily  for  7  days.  Tumor  size  was  measured  by  caliper  (length  and  width)  for  another  7  days.  Tumor  increase  rate  was  calculated  by 
comparing  tumor  volume  (1/2  x  length  x  width2)  before  and  after  treatment.  P  =  0.025.  D,  primary  tumor  cells  derived  from  2  ER+/PR-  tumors 
(T1  and  T2)  were  serum-starved  and  cultured  in  the  presence  or  absence  of  10  |umol/L  MG132  for  6  hours.  Cell  lysates  were  subjected  to  Western  blot 
analysis  with  the  anti-PR  antibody  hPRa7  that  detects  both  PR-A  and  PR-B.  K8  is  degraded  by  proteasomes  (45)  and  was  blotted  as  a  positive 
control  for  MG132  inhibition. 
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alone  only  slightly  increased  tumor  growth  compared  with 
placebo  ( P  >  0.05).  Moreover,  the  progesterone  antagonist 
RU486  could  significantly  delay  the  growth  of  Neu+/Tip30~/~ 
tumors  (Fig.  3C).  These  results  suggest  that  both  estrogen  and 
progesterone  are  required  for  promoting  growth  of  ER+/PR— 
tumors  arising  in  Neu+ /Tip30~/~  mice. 

The  effect  of  progesterone  on  the  growth  of  ER+/PR— 
tumors  from  Neu+ /TipSO-^  mice  raises  the  question  of 
whether  these  tumor  cells  express  any  PR  proteins.  Because 
previous  studies  have  suggested  that  active  PRs  are  rapidly 
degraded  in  breast  cells  (20),  we  speculated  that  PR  was 
expressed  and  then  degraded  rapidly  in  ER+/PR—  tumors. 
To  test  this  hypothesis,  we  examined  PR-A  and  PR-B  expres¬ 
sion  in  cultured  tumor  cells  derived  from  ER+/PR—  tumors. 
Indeed,  PR-A,  but  not  PR-B,  was  clearly  detected  by  Western 
blot  analysis  after  cells  were  serum-starved  and  treated  for  6 
hours  with  the  proteasome  inhibitor  MG  132  (Fig.  3D),  imply¬ 
ing  that  PR-A  is  expressed  but  rapidly  turned  over  in  these 
tumors.  Together,  these  results  suggest  that  estrogen  and 
progesterone  play  stimulating  roles  in  the  development  of 
ER+/PR—  mammary  tumors  in  Neu+ /Tip30~/~  mice. 

Deletion  of  Tip30  leads  to  a  progressively  increased 
numbers  of  phospho-ERcx-  and  phospho-Akt-positive 
cells  in  the  mammary  gland  from  MMTV-Neu  mice 

The  preceding  data  imply  that  Tip30  may  play  a  key  role  in 
suppressing  tumorigenesis  in  ERa-positive  (ER+)  epithelial 
cells.  To  test  whether  the  Tip30  gene  promoter  is  active  in  ER+ 
epithelial  cells  and  ER+/PR—  tumors,  we  carried  out  immu- 
nofluorescent  double  staining  for  ERa  and  p-galactosidase  in 
the  mammary  glands  and  tumors  derived  from  Neu+ / Tip30+/ 
~  mice  harboring  a  knock-in  p-galactosidase  (P -Gal)  gene  at 
the  Tip30  gene  locus  under  the  control  of  Tip30  promoter.  The 
P-Gal  protein  was  predominantly  detected  in  ER+  mammary 
epithelial  cells  and  tumor  cells  (Fig.  4A),  indicating  that  the 
Tip30  promoter  is  activated  mainly  in  ER+  mammary  epithe¬ 
lial  cells  (MEC)  and  tumor  cells.  Given  that  ERa  is  activated 
through  ligand  binding  and  phosphorylation  in  response  to 
estrogen-  and  growth  factor-induced  signaling  and  that 
mice  do  not  exhibit  a  significant  increase  in  the 
number  of  ERa-positive  cells  in  the  mammary  gland  at  the  age 
of  4  months  (14),  we  therefore  asked  whether  the  proportion 
of  phospho-ERa  (p-ERa)-positive  cells  is  altered  in  Neu+/ 
mammary  glands.  Immunohistochemical  analysis 
was  used  to  examine  phosphorylation  of  ERa  at  Serl71 
(equivalent  to  Serl67  in  human)  in  mammary  glands  and 
tumors  from  Neu+ /Tip30~/~  and  Neu+ / Tip30+/+  mice 
(Fig.  4B).  No  significant  difference  in  the  numbers  of  p- 
ERa-positive  cells  was  detected  between  2-month-old  mam¬ 
mary  glands  from  Neu+/Tip30~/~  and  Neu+ / Tip30+/+  mice 
(Fig.  4C).  Strikingly,  12-month-old  Neu+/ Tip30~/~  mammary 
glands  and  tumors  displayed  an  increase  in  the  number  of  p- 
ERa-positive  cells  compared  with  Neu+ / Tip30+/+  mammary 
glands  and  tumors  (P  <  0.05).  These  results  suggest  that  Tip30 
deletion  preferentially  increases  the  number  of  p-ERa-posi- 
tive  luminal  cells  in  the  mammary  gland  of  MMTV-Neu  mice. 

Akt  is  one  of  the  most  important  downstream  factors  in 
HER2/Neu  and  EGFR  signaling  pathways  that  can  phosphor- 


ylate  ERa  and  regulate  MEC  apoptosis  (21,  22).  Previous 
studies  have  shown  that  the  expression  of  a  constitutively 
active  form  of  Akt-1  accelerates  HER2/Neu-mediated  mam¬ 
mary  tumor  formation  (23)  whereas  disruption  of  Akt-1  delays 
HER2/Neu-mediated  mammary  tumorigenesis  (24-26).  To 
examine  whether  the  deletion  of  Tip30  affects  the  activation 
of  Akt  (phospho-Akt,  p-Akt)  in  preneoplastic  mammary  glands 
from  MMTV-Neu  mice,  we  carried  out  the  immunohistochem¬ 
ical  analysis  for  p-Akt  in  preneoplastic  mammary  glands  from 
Neu+ /Tip30~/~  and  Neu+ /Tip30+/+  mice  at  the  age  of  2  and  12 
months.  MECs  at  the  different  ages  exhibit  negative,  weak, 
intermediate,  or  strong  staining  for  p-Akt  (Fig.  5;  Al,  A2,  A3,  or 
A4,  respectively).  No  significant  difference  in  p-Akt  expression 
levels  and  numbers  of  p-Akt -positive  cells  ( P  =  0.678  or  0.972, 
respectively)  was  detected  between  Neu+ /TipSO-^  and  Neu+/ 
Tip30+/+  mammary  glands  at  2  months  of  age  (Fig.  5B). 
However,  at  12  months,  the  number  of  MECs  having  strongly 
positive  p-Akt  staining  in  Neu^/T^O-^  mammary  glands 
was  significantly  increased  compared  with  that  in  Neu+ / 
Tip30+/+  mammary  glands  (strong  staining  in  Neu+/ 
Tip3Grf~  mammary  gland:  41.4%;  strong  staining  in  Neu+ / 
Tip30+/+  mammary  gland:  9.9%;  P  =  0.02;  Fig.  5C).  However, 
there  was  no  significant  difference  in  the  levels  of  p-Akt 
between  mammary  tumors  from  Neu+ /Tip30~/~  and  Neu+/ 
Tip30+/+  mice  (Fig.  5D).  These  data  indicate  that  the  relatively 
earlier  onset  of  enhanced  Akt  activation  in  the  mammary 
glands  due  to  Tip30  loss  may  contribute  to  accelerated 
mammary  tumorigenesis  in  Neu+ '/TipSOT^  mice. 

Tip30  deletion  leads  to  delayed  EGFR  degradation  and 
sustained  EGFR  signaling 

Upon  binding  EGF,  EGFR  proteins  are  rapidly  internalized 
and  localized  in  early  endosomes,  where  they  are  either  sent 
back  to  the  plasma  membrane  or  sorted  into  late  endosomes 
and  lysosomes  for  destruction  (27,  28).  Early  endosomes  serve 
as  a  platform  for  signaling  receptors  to  activate  specific 
downstream  signaling  until  ligand-receptor  dissociation 
occurs  due  to  early  endosomal  acidification  mediated  by 
vacuolar  (H+)-ATPases  (29,  30).  Recently,  we  have  shown  that 
TIP30  regulates  EGFR  signaling  by  controlling  endocytic 
downregulation  of  EGFR  in  primary  hepatocytes  and  liver 
cancer  cells.  Tip30  deletion  impairs  the  fusion  of  Rab5  vesicles 
carrying  vacuolar  (H+)-ATPases  with  early  endosomes  that 
contain  internalized  EGF  and  EGFR,  leading  to  delayed  EGFR 
degradation  and  sustained  EGFR  signaling  (C.  Zhang,  A.  Li,  X. 
Zhang,  and  H.  Xiao,  submitted  manuscript).  Therefore,  we 
questioned  whether  the  increased  phosphorylation  of  Akt  and 
ERa  in  Neu+ /TipSO-^  mammary  gland  is  also  caused  by  a 
similar  mechanism.  First,  we  measured  the  protein  levels  of 
EGFR  in  mammary  tumors  cells  isolated  from  Neu+ '/TipSCT^ 
and  Neu+/Tip30+/+  mammary  tumors  in  response  to  EGF 
treatment  at  various  time  points  after  EGF  internalization.  We 
used  an  experimental  approach  that  eliminates  the  interfer¬ 
ence  from  continuous  ligand  internalization  and  nascent 
protein  synthesis  to  measure  endocytic  degradation  of  EGFR. 
The  comparison  revealed  that  endocytic  degradation  of  EGFR 
was  significantly  delayed  in  Neu+/Tip30~/~  mammary  tumors 
cells  compared  with  Neu+ /Tip30+/+  mammary  tumors  cells, 
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Figure  4.  Representative 
immunohistochemical  staining  of 
p-ERa  in  mammary  glands  and 
mammary  tumors  from  Neu+ / 
77P30”7-  and  Neu+/Tip30+/+ 
mice.  A,  representative 
immunofluorescent  double 
staining  of  mammary  gland  and 
tumor  sections  from  a  Neu+ / 
Tip30+/~  mouse  for  ERa  (red)  and 
|3-Gal  (green),  followed  by 
counterstaining  with  DAPI  (blue). 
Scale  bar,  10  |um. 

B,  representative 
immunohistochemical  staining  of 
p-ERa  in  2-  and  12-month-old 
mammary  glands  and  mammary 
tumors  from  Neu+/Tip30~/~  and 
Neu+/Tip30+/+  mice.  As  a 
negative  control  (Ctrl),  a  uterus 
section  was  stained  without  using 
the  primary  antibody  (anti-p-ERa). 
Scale  bar,  10  (im.  C,  data 
represent  means  ±  SEM  of  the 
percentage  of  p-ERa-positive 
cells  in  the  mammary  glands  and 
tumors  derived  from  Neu+ / 
Tip30f~  and  Neu+/Tip30+/+ 
mice.  Positive  p-ERa  cells  were 
counted  in  the  sections  of 
mammary  glands  and  tumors 
derived  from  3  mice  of  each 
genotype  (randomly  selected 
fields  per  section).  Fifty  cells  were 
counted  per  field  and  10  fields 
were  counted  per  mouse. 


P<  0.0001 


UNeu+/Tip30  n  =  3 
UNeu+/Tip30  +/+  n  =  3 
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Figure  5.  Representative 
immunohistochemical  staining  for 
p-Akt  in  mammary  tumors  and 
mammary  glands  from  Neu+ / 
7/P30-7-  and  Neu+/Tip30+/+ 
mice.  A,  representative 
immunohistochemical  staining  of 
p-Akt  in  mammary  glands. 
Staining  of  p-Akt  in  2-month-old 
mammary  glands  ranges  from 
negative  to  weak  (Al  and  A2)  and 
is  more  intense  in  12-month-old 
mammary  glands  (A3  and  A4, 
intermediate  and  strong, 
respectively).  Scale  bar,  10  |um. 
B-D,  data  represent  means  ± 
SEM  of  the  percentage  of  cells 
that  were  stained  positive  or 
negative  for  p-Akt  in  2-month-old 
(B)  and  12-month-old  (C) 
mammary  glands  and  tumors  (D) 
derived  from  Neu+/Tip30~/~  and 
Neu+/Tip30+/+  mice.  Fifty  cells 
were  counted  per  field  and  10 
fields  were  counted  per  mouse. 
Data  were  analyzed  by  2-tailed  t 
test. 


indicating  that  Tip30  deletion  impairs  endocytic  degradation 
of  EGFR  (Fig.  6A  and  B). 

To  determine  whether  Tip30  deletion  can  block  EGFR  traf¬ 
ficking  from  early  endosomes  to  lysosomes  for  degradation,  we 
tracked  Alexa-488-conjugated  EGF  (Alexa488-EGF)  and  EGFR  in 
normal  primary  MECs  isolated  from  Tip30~/~  and  Tip30+/+ 
mice.  The  majority  of  internalized  EGFs  dissociated  from  EGFR 
in  wild- type  MECs  2  hours  after  EGF  internalization.  In  contrast, 
they  remained  associated  with  EGFR  in  Tip30~/~  MECs  (EGF- 
EGFR  colocalization  in  wild-type  primary  MECs:  11%;  EGF- 
EGFR  colocalization  in  TipSCT^  primary  MECs:  55%;  n  =  20,P 
=  0.004;  Fig.  6C  and  D),  indicating  that  Tip30  deletion  causes  the 
trapping  of  EGF-EGFR  complex  in  endosomes  and  sustained 
endosomal  EGFR  signaling.  To  rule  out  the  possibility  that  Tip30 
deletion  increased  Neu  transgene  expression  at  the  level  of 
transcription,  we  used  quantitative  reverse  transcription-PCR 
(RT-PCR)  to  examine  the  mRNA  expression  of  Neu  transgene  in 
5-  to  9-week-old  Neu+/Tip30+/+  and  Neu^ /Tip30~/~  mice  and 
found  no  significant  difference  (data  not  shown).  Together, 
these  results  suggest  that  Tip30  loss  may  prolong  EGFR  signal¬ 
ing,  which  cooperates  with  Neu  activation  to  enhance  Akt 
activation  and  to  promote  the  formation  of  ER+/PR—  tumors. 

Discussion 

This  study  was  designed  to  investigate  the  relationship 
between  HER2/Neu  overexpression  and  Tip30  deletion  in 
mammary  tumorigenesis  by  using  genetically  engineered  mice 


containing  both  Tip30  deletion  and  an  MMTV-Neu  transgene. 
Strikingly,  the  data  show  that  Tip30  deletion  cooperates  with 
Neu  overexpression  to  promote  exclusive  development  of 
ER+/PR—  mammary  tumors  in  mice.  In  addition,  we  show 
that  Tip30  loss  impairs  endocytic  trafficking  of  EGF-EGFR, 
delays  EGFR  degradation  in  primary  MECs  and  tumor  cells, 
and  enhances  Akt  and  ERa  phosphorylation  in  the  mammary 
gland.  These  findings,  combined  with  our  recent  observation 
that  TIP30  formed  a  protein  complex  with  ACSL4  and  EndoBl 
to  control  EGF-EGFR  endocytic  trafficking  in  hepatocytes  (C. 
Zhang,  A.  Li,  X.  Zhang,  and  H.  Xiao,  submitted  manuscript), 
strongly  suggest  a  novel  mechanism  by  which  the  loss  of  Tip30 
contributes  to  the  development  of  ER+/PR—  tumors,  at  least 
in  part,  through  enhancing  EGFR  signaling  in  ER+  MECs. 

It  is  not  immediately  obvious  why  Tip30  deletion  combined 
with  Neu  overexpression  causes  the  exclusive  development  of 
ER+/PR—  mammary  tumors.  The  observation  that  the  pro¬ 
moter  of  Tip30  was  predominantly  active  in  ER+  MECs 
suggest  that  Tip30  deletion  may  mainly  affect  the  proliferation 
of  ER+  cells  by  inducing  enhanced  ERa  activities,  thereby 
selecting  ER+  cells  to  initiate  tumorigenesis.  Indeed,  ER+/ 
PR+  mammary  tumors  developed  spontaneously  in  22%  of 
aged  r/p30-knockout  female  mice  in  the  BALB/c  genetic 
background  (A.  Li,  C.  Zhang,  S.  Gao,  R.  Luo,  and  H.  Xiao, 
unpublished  data)  and  TIP30  could  inhibit  ERa-mediated 
transcription  (15).  The  correlation  between  progressively 
increased  p-Akt  and  p-ERa-positive  cells  in  Neu^ /Tip30~/~ 
mammary  glands  observed  in  this  study  implies  that  Tip30 
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Figure  6.  Deletion  of  Tip30  in  MECs  leads  to  delayed  EGFR  degradation.  A,  Neu+/Tip30~/  and  Neu+/Tip30+/+  mammary  tumor  cells  were  incubated 
with  100  ng/mL  of  EGF  for  1  hour  on  ice,  followed  by  washing  with  cold  PBS  and  incubating  in  serum-free  medium  containing  cycloheximide  (20  |ug/ml_) 
for  the  indicated  times.  Whole-cell  lysates  were  blotted  with  the  indicated  antibodies.  B,  quantification  of  EGFR  protein  levels  in  (A)  using  Odyssey 
2.1  software.  C,  primary  Tip30+/+  and  7/p30  /_  MECs  were  subjected  to  EGFR  internalization  analysis.  Representative  confocal  microscopy  images  show  the 
localization  of  EGFR  (red)  in  endosomes  after  2  hours  of  Alexa488-EGF  (green)  internalization.  Results  are  typical  and  representative  of  3  experiments  on 
primary  cells  from  2  mice  of  each  genotype.  Boxed  areas  are  magnified.  Representative  cells  are  outlined  in  white.  The  colocalization  of  EGF  and 
EGFR  (yellow)  in  Tip30~/  cells  is  indicative  of  delayed  endocytic  degradation  of  EGFR;  the  nucleus  was  stained  with  DAPI  (gray).  Scale  bar,  10  jam. 

D,  quantitative  analysis  of  EGF  and  EGFR  colocalization.  Twenty  cells  in  each  group  were  analyzed  using  MBFJmageJ.  Pearson's  colocalization 
coefficients  were  calculated  and  converted  to  percentages.  P  =  0.035. 


deletion  may  promote  the  development  of  ER+  mammary 
tumors  by  enhancing  Akt  activation  and  increasing  active 
ERa-positive  cells.  Consistent  with  this  scenario,  a  previous 
study  showed  that  Akt  overexpression  could  increase  the 
intensity  of  ERa  staining,  the  number  of  ERa-positive  cells, 
and  the  frequency  of  ER+  tumors  in  DMBA-treated  mice  (31), 
although  it  did  not  show  whether  these  tumors  were  PR 
positive.  Moreover,  expression  and  phosphorylation  of  ERa 
in  ER+  human  breast  cells  are  enhanced  by  the  activation  of 
Akt  (21,  31).  It  should  be  noted  that  enhanced  Akt  activation 
alone  is  insufficient  for  driving  the  tumorigenic  process  in 
mouse  MECs  in  vivo  (32);  therefore,  other  mechanisms  such  as 
increased  expression  of  c-Myc  and  IGF-1  induced  by  Tip30 
deletion  may  also  contribute  to  the  formation  of  ER+/PR— 
mammary  tumors  in  MMTV-Neu  mouse  models  (14,  15). 

Even  thought  tumors  arising  in  Neu^ /Tip30~/~  mice  were 
stained  negatively  for  PRs  and  did  not  display  significantly 
more  PR-A/PR-B  mRNAs  according  to  our  quantitative  RT- 
PCR  analysis  (data  not  shown),  these  ER+/PR—  tumors  were 
sensitive  to  progesterone  stimulation  and  RU486  inhibition, 
and  PR-A  proteins  were  detectable  in  cultured  ER+/PR— 
tumor  cells  when  proteasomes  were  inhibited.  One  explana¬ 
tion  for  these  observations  is  that  PR-A  is  expressed  in  ER+/ 


PR—  tumors  but  rapidly  turns  over  due  to  enhanced  activation 
of  EGFR  and  HER2/Neu  in  vivo.  This  explanation  is  supported 
by  previous  reports  that  PR  degradation  by  the  26S  protea- 
some  is  mediated  by  MAPK/ERK-induced  phosphorylation  at 
Ser294  in  cultured  breast  cancer  cells  (20).  It  has  been  shown 
that  ERK1/2  activation  in  human  cancer  cells  induces  PR-B 
Ser294  phosphorylation  and  blocks  PR-B  sumoylation,  which 
leads  to  2  coupled  events,  hyperactive  transcription  activity 
and  rapid  turnover  of  PR-B  proteins.  PR-A  was  shown  to  be 
relatively  resistant  to  these  events  compared  with  PR-B  (20, 
33-35).  In  agreement  with  these  results,  we  also  observed 
significantly  enhanced  ERK1/2  activation  at  Neu+/Tip30~/~ 
tumor  periphery  compared  with  Neu+/Tip30+/+  tumor  per¬ 
iphery  (Supplementary  Fig.  2).  Notably,  we  detected  only  PR-A 
after  treatment  with  proteasome  inhibitor  (Fig.  3D),  possibly 
because  PR-A  is  the  dominant  form  in  the  mammary  glands  of 
mature  virgin  mice  whereas  human  breast  cells  express  both 
PR-A  and  PR-B  (36).  Our  observation  that  ER+/PR—  tumors 
were  responsive  to  progesterone  and  RU486  indicates  a  cri¬ 
tical  role  of  progesterone  signaling  in  the  growth  of  ER+/PR— 
tumors  and  implicates  that  intervention  of  ER+/PR—  breast 
cancers  may  be  achieved,  in  part,  through  suppression  of  PR 
function. 
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Our  data  seem  to  support  the  hypothesis  that  ER+  breast 
cancers  arise  from  ER+  or  otherwise  estrogen-responsive 
progenitor  cells  (37).  However,  our  data  do  not  exclude  the 
possibility  that  Tip30  deletion  may  cause  ER— /PR—  cells  to 
reexpress  ERa  or  promote  transformed  ER— /PR—  luminal 
progenitor  cells  to  differentiate  to  ER+/PR—  epithelial  cells. 
Studies  on  the  origin  of  tumor  cells  in  MMTV-Neu  mice  have 
suggested  that  tumor  cells  from  this  model  originate  from 
transformed  luminal  progenitor  cells  committing  to  ER— / 
PR—  cells  (38).  Therefore,  the  cell  origin  of  ER+/PR—  tumors 
arising  in  Neu+ /Tip30~/~  mice  remains  to  be  determined. 

Currently,  there  remains  a  profound  need  for  more  effective 
therapies  for  treating  HER2+/ER+/PR—  breast  cancers 
because  of  their  poor  response  and  development  of  resistance 
to  existing  therapies.  Nonetheless,  the  majority  of  preclinical 
studies  of  ER-positive  breast  cancer  have  relied  on  cultured 
cell  lines  or  on  xenograft  tumor  models,  in  which  breast  tumor 
development  and  progression  do  not  accurately  represent 
clinical  human  breast  cancer.  Alternatively,  the  use  of  geneti¬ 
cally  engineered  mouse  models  of  breast  cancer  has  major 
advantages  for  investigating  the  molecular  mechanism  of 
mammary  tumorigenesis  as  well  as  developing  anticancer 
agents.  To  date,  there  have  been  many  mouse  mammary 
cancer  models  generated  by  overexpression  or  deletion  of 
specific  genes  that  are  associated  with  human  breast  cancer. 
Unfortunately,  most  mammary  tumors  arising  in  those  animal 
models  are  ER— /PR—  and  do  not  morphologically  resemble 
the  major  subtype  of  human  breast  cancer  (ER+  ductal 
carcinoma);  ER+  mammary  tumors  are  observed  in  only  a 
few  genetically  engineered  mouse  models  (39-42).  To  our 
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Figure  SI 


Placebo 

*  P  =  0.009  E2 


Legend  to  Supplementary  Figure  1: 

Two  ER+/PR-  mammary  tumors  from  Neu+ITip30-A  mice 
were  minced  and  inoculated  s.c.  in  the  front  flanks  of 
ovariectomized  mice  supplemented  with  Placebo  (n  =  10), 
estrogen  (E2,  n  =  6),  progesterone  (P4,  n  =  6)  or  E2  plus  P4 
(n  =  7)  pellets.  Kaplan-Meier  analysis  of  mammary-tumor 
free-survival  was  performed  based  on  the  time  of  tumors 
becoming  1  cm3  in  volume  or  tumors  becoming  >  0.25  cm3 
by  the  end  of  three  months.  P  =  0.009  (placebo  vs.  E2  + 
P4),  log-rank  test. 


Figure  S2 


A  N+/Tip30+/+  Tumor  N+ZTipSO'-  Tumor 


Legend  to  Supplementary  Figure  2: 

(A)  Representative  immunohistochemical  staining  images  show  enhanced 
phosphorylation  of  ERK1/2  at  Thr202/Tyr204  in  mammary  tumors  from 
Neu+/Tip30’/_  mice  (n  =  3)  compared  with  those  from  Neu+/Tip30+/+  mice 
(n  =  3). 

(B)  Quantification  of  pERK1/2  positive  cells.  Since  very  few  cells  at  the 
tumor  core  were  stained  positive  for  pERK,  cells  within  120  pm  distance 
from  the  edge  were  counted.  P  =  0.005;  t  test. 
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Activated  epidermal  growth  factor  receptor  (EGFR)  contin¬ 
ues  to  signal  in  the  early  endosome,  but  how  this  signaling  pro¬ 
cess  is  regulated  is  less  well  understood.  Here  we  describe  a  pro¬ 
tein  complex  consisting  of  TIP30,  endophilin  Bl,  and  acyl-CoA 
synthetase  long  chain  family  member  4  (ACSL4)  that  interacts 
with  Rab5a  and  regulates  EGFR  endocytosis  and  signaling. 
These  proteins  are  required  for  the  proper  endocytic  trafficking 
of  EGF-EGFR.  Knockdown  of  TIP30,  ACSL4,  endophilin  Bl,  or 
Rab5a  in  human  liver  cancer  cells  or  genetic  knock-out  of  Tip30 
in  mouse  primary  hepatocytes  results  in  the  trapping  of  EGF- 
EGFR  complexes  in  early  endosomes,  leading  to  delayed  EGFR 
degradation  and  prolonged  EGFR  signaling.  Furthermore,  we 
show  that  Rab5a  colocalizes  with  vacuolar  (H+)-ATPases 
(V-ATPases)  on  transport  vesicles.  The  TIP30  complex  facili¬ 
tates  trafficking  of  Rab5a  and  V-ATPases  to  EEAl-positve  endo¬ 
somes  in  response  to  EGF.  Together,  these  results  suggest  that 
this  TIP30  complex  regulates  EGFR  endocytosis  by  facilitating 
the  transport  of  V-ATPases  from  trans-Golgi  network  to  early 
endosomes. 


Receptor-mediated  endocytosis  is  a  mechanism  utilized  by 
eukaryotic  cells  to  rapidly  take  up  specific  nutrients  and  reduce 
receptor  signaling  at  the  plasma  membrane.  Internalized 
ligand-receptor  complexes  are  enclosed  in  early  endosomes, 
also  called  sorting  endosomes,  where  they  are  either  recycled  or 
delivered  to  lysosomes  for  destruction  (1,  2).  Signaling  recep¬ 
tors  continue  to  activate  certain  downstream  pathways  from 
early  endosomes  (3-  6)  until  ligand-receptor  complexes  disso¬ 
ciate  due  to  lower  luminal  pH  created  by  vacuolar  V-ATPases,2 
the  major  proton  pump  responsible  for  endosomal  and  lyso¬ 
somal  acidification  (2,  7-9).  Inactivation  of  V-ATPases  blocks 
the  transition  from  early  to  late  endosomes  (10).  Therefore,  the 
proper  endosomal  targeting  and  activity  of  V-ATPases  contrib¬ 
ute  to  the  tight  regulation  of  both  endocytic  trafficking  and 
receptor  endosomal  signaling. 
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Acidic  luminal  pH  in  early  endosomes  is  the  driving  force  for 
receptors  to  release  their  ligands,  such  as  insulin  and  low  den¬ 
sity  lipoprotein  (LDL)  (1,  2).  On  the  basis  of  individually  track¬ 
ing  EGF  and  EGFR,  it  has  long  been  considered  that  EGFR 
travels  together  with  EGF  until  they  reach  lysosomes  (11,  12). 
However,  it  is  unclear  whether  they  remain  bound  to  each  other 
on  the  way  to  lysosomes.  Recent  studies  have  suggested  that 
EGFR  is  inactivated  before  being  degraded  and  that  EGF  disso¬ 
ciates  from  EGFR  prior  to  lysosomal  transfer  (6,  13-15). 

Rab5a  is  a  small  GTPase  that  regulates  early  endosome  fusion 
in  vitro  (16),  motility  of  early  endosomes  on  microtubules  (17), 
and  the  traffic  between  endosomes  and  lysosomes  (18).  Dele¬ 
tion  of  Rab5a  in  cells  inhibits  the  transport  of  EGFR  from  early 
endosomes  to  lysosomes  and  consequently  causes  sustained 
EGFR  signaling  and  delayed  EGFR  degradation  (19).  Despite  its 
importance  to  endocytic  transport,  how  Rab5a  mediates  down- 
regulation  of  receptor  signaling  remains  unclear. 

TIP30,  also  known  as  HTATIP2  or  CC3  (20,  21),  is  a  tumor 
suppressor  that  has  been  demonstrated  to  act  as  a  transcription 
cofactor  to  repress  transcription  in  the  nucleus  (22,  23)  and  to 
localize  at  the  nuclear  envelope  to  block  nuclear  importing  (24). 
However,  TIP30  also  localizes  in  the  cytoplasm,  where  its  func¬ 
tion  is  not  known  (25-28). 

Here  we  report  that  a  newly  identified  protein  complex  con¬ 
taining  TIP30,  ACSL4,  and  Endo  Bl  drives  EGF-EGFR  complex 
endocytic  trafficking  by  facilitating  the  localization  of  Rab5a 
and  V-ATPases  to  early  endosomes.  Rab5a  and  V-ATPase 
reside  in  vesicles  devoid  of  the  early  endosomal  marker  EEA1 
and  the  recycling  endosomal  marker  transferrin  receptor  (TfR), 
suggesting  that  these  vesicles  are  post-trans-Golgi  network  ves¬ 
icles  responsible  for  the  transport  of  integral  membrane  protein 
V-ATPases.  Our  data  suggest  a  mechanism  by  which  Rab5a  in 
cooperation  with  other  proteins  in  the  TIP30  complex  trans¬ 
ports  V-ATPases  to  early  endosomes  and  induces  the  dissocia¬ 
tion  of  EGF  from  EGFR  and  the  termination  of  EGFR  endo¬ 
somal  signaling. 

EXPERIMENTAL  PROCEDURES 

Cell  Culture— PLC/PRF/5  and  HepG2  cell  lines  were  pur¬ 
chased  from  ATCC.  Cells  were  cultured  in  DMEM  (Invitrogen) 
supplemented  with  10%  fetal  bovine  serum  and  penicillin/ 
streptomycin  (Invitrogen)  at  37  °C  in  5%  C02. 

DNA  Constructs  and  shRNAs— The  pSin-EF2  vector  (29)  was 
converted  to  destination  vectors  by  cloning  the  Gateway  cas¬ 
sette  RfA  (reading  frame  A,  Invitrogen)  with  either  N- terminal 
or  C-terminal  HA  tag,  CFP,  EYFP,  or  DsRed  fluorescent  pro¬ 
teins  into  blunted  Spel  and  EcoRI  sites.  Human  Rab5a,  ACSL4, 
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and  EndoBl  were  amplified  using  RT-PCR  from  mRNA  iso¬ 
lated  from  PLC/PRF/5  cells.  TIP30  was  subcloned  from  pFlag7- 
TIP30  and  pFlag7-TIP30M  (30).  For  bimolecular  fluorescence 
complementation  assays,  VC155  and  VN173  (31)  were  cloned 
into  pCDNA3.1  and  pSin-EF2,  respectively,  and  both  were  also 
converted  to  destination  vectors.  Fentiviral  plasmids  producing 
shRNAs  against  TIP30,  Rab5a,  and  ACSF4  were  from  Sigma- 
Aldrich.  Fentiviral  plasmids  for  shRNAs  against  Endo  B1  were 
from  Open  Biosystems. 

Antibodies— HA  (HA-7),  j3-actin  (AC-15),  and  Endo  B1  anti¬ 
bodies  were  from  Sigma- Aldrich.  AI<T,  AI<T-pS473,  EEA1,  and 
Rab5a  antibodies  were  from  Cell  Signaling.  EGFR-pY845,  TfR, 
Alexa  Fluor  546  goat  anti-mouse,  and  Alexa  Fluor  594  goat 
anti-rabbit  antibodies  were  from  Invitrogen.  Anti-EGFR  anti¬ 
body  was  from  Millipore.  ATP6V1H  antibody  was  from  Santa 
Cruz  Biotechnology.  FAMP1  antibody  was  purchased  from 
The  Developmental  Studies  Hybridoma  Bank  at  University  of 
Iowa. 

EGFR  Internalization  and  Immunofluorescence — PFC/PRF/5 
cells  were  infected  by  lentiviruses  producing  shRNA  against 
indicated  genes.  Cells  were  pooled  after  being  selected  for  4 
days  with  2  p,g/ml  puromycin.  At  least  two  confirmed  knock¬ 
down  pools  for  each  targeted  gene  were  used  for  the  experi¬ 
ments  in  Figs.  4-8.  Control  and  knockdown  cells  were  cultured 
on  cover  glass  and  were  serum-starved  for  24  h  in  DMEM.  Wild 
type  and  Tip30~'~  primary  hepatocytes  were  starved  for  3  h. 
Cells  were  incubated  with  100  ng/ml  Alexa-488-conjugated 
EGF  (Alexa488-EGF)  (Invitrogen)  and  20  jutg/ml  cycloheximide 
on  ice  for  1  h  and  then  were  washed  four  times  with  cold  PBS 
and  incubated  in  DMEM  with  20  jutg/ml  cycloheximide  at  37  °C 
for  different  time  periods.  Cells  were  fixed  in  4%  paraformalde¬ 
hyde  in  PBS  for  15  min,  permeabilized  with  0.1%  Triton  X-100 
for  2  min,  and  stained  for  the  indicated  proteins.  Images  were 
obtained  with  a  Zeiss  FSM  510  Meta  confocal  microscope  (Carl 
Zeiss)  using  Plan-Apochromat  63X/1.40  oil  objective.  Pinhole 
size  was  set  to  1  airy  unit  for  all  channels.  All  images  are  repre¬ 
sentative  single  optical  sections.  To  determine  EGFR  stability 
upon  EGF  treatment,  cells  were  cultured  in  6-cm  dishes  and 
treated  as  above  except  that  unlabeled  EGF  was  used,  and  the 
cells  were  collected  for  immunoblot  at  various  time  points. 

Immunoprecipitation— PFC/PRF/5  cells  were  transfected 
with  indicated  constructs.  Whole  cell  extracts  were  prepared 
from  pooled  stable  clones  as  described  previously  with  modifi¬ 
cations  (32).  Briefly,  cells  were  homogenized  by  20  strokes  in 
two  packed  cell  pellet  volumes  of  buffer  A  (10  mM  Hepes,  pH 
7.9, 10  mM  KC1, 0.5  mM  DTT,  protease  inhibitor  mixture)  using 
a  Kontes  homogenizer  (B  pestle).  Another  20  strokes  were 
applied  after  adding  1.5  cell  pellet  volumes  of  buffer  B  (50  mM 
Hepes,  pH  7.9,  0.6  mM  EDTA,  1.5  mM  DTT,  1.26  M  NaCl,  75% 
glycerol)  followed  by  centrifugation  at  100,000  X  g  for  1  h.  The 
supernatant  was  dialyzed  against  BC300  (20  mM  Hepes,  pH  7.9, 
20%  glycerol,  0.2  mM  EDTA,  0.5  mM  DTT,  0.3  m  KC1)  (33)  and 
centrifuged  at  15,000  rpm  for  20  min  followed  by  rotating  with 
anti-HA  agarose  beads  (Roche  Diagnostics)  overnight  at  4  °C. 
The  beads  were  centrifuged  and  extensively  washed  using 
BC300  buffer.  Immunoprecipitates  were  eluted  with  HA  pep¬ 
tides  (Roche  Diagnostics),  denatured,  resolved  on  SDS-PAGE, 
and  subjected  to  silver  stain,  immunoblot,  or  FC-MS/MS  spec¬ 


tral  analyses  (The  MSU  Proteomics  Facility,  Michigan  State 
University). 

Mouse  Hepatocyte  Isolation — Primary  hepatocytes  were 
isolated  from  8-week-old  wild  type  and  Tip30~!~  mice  as 
described  (34)  with  modifications.  Briefly,  the  inferior  vena 
cava  was  cannulated,  and  the  liver  was  first  perfused  in  situ  with 
an  oxygenated  Krebs-Ringer  buffer  (115  mM  NaCl,  5.9  mM  KC1, 
25  mM  NaHCOs,  10  mM  glucose,  20  mM  Hepes,  pH  7.4)  with  0.1 
mM  EGTA  at  37  °C  followed  by  perfusion  with  oxygenated 
Krebs-Ringer  buffer  containing  0.25  mM  CaCl2  and  20  jutg/ml 
Fiberase  Blendzyme  3  (Roche  Applied  Science).  Fiver  was 
removed  and  then  gently  minced  in  ice-cold  Krebs-Ringer 
buffer.  Fiver  cell  suspension  was  then  filtered  with  Falcon  cell 
strainers  (BD  Biosciences)  and  washed  three  times  by  centrifu¬ 
gation  at  50  X  g  for  2  min  at  4  °C.  Cell  viability  was  determined 
by  trypan  blue  exclusion.  Cells  were  cultured  in  DMEM  (with 
10%  FBS  and  1 X  penicillin/streptomycin)  at  37  °C  with  5% 

co2. 

RESULTS 

TIP30  Forms  a  Complex  with  Rab5a,  Endo  Bl,  and  ACSL4— 
To  identify  cytosolic  proteins  that  interact  with  TIP30,  we  sta¬ 
bly  expressed  TIP30  protein  with  an  HA  tag  fused  to  its  C-ter- 
minal  end  (TIP30-HA)  in  human  hepatocellular  carcinoma 
cells  (PFC/PRF/5).  Co-immunoprecipitation  assays  were  per¬ 
formed  using  whole  cell  extracts  generated  from  cells  express¬ 
ing  TIP30-HA  or  control  vector.  Mass  spectrometric  analysis 
identified  Rab5a,  ACSF4,  and  EndoBl  (also  known  as  Bif-1)  in 
the  immunoprecipitates.  Association  of  these  proteins  with 
TIP30-HA  was  confirmed  by  immunoblot  analysis  using  spe¬ 
cific  antibodies  (Fig.  L4).  The  interactions  were  further  con¬ 
firmed  by  reciprocal  immunoprecipitation.  When  Rab5a,  Endo 
Bl,  or  ACSF4  were  HA-tagged,  each  could  be  specifically  co- 
immunoprecipitated  with  endogenous  TIP30  and  the  other 
three  endogenous  proteins  (Fig.  LB).  Although  Endo  Bl  failed 
to  be  immunoprecipitated  with  ACSL4-HA,  possibly  due  to  the 
interference  of  HA  at  its  C  terminus,  endogenous  ACSL4  was 
detected  in  Endo  Bl-HA  immunoprecipitates.  Notably, 
Rab5a  was  co-immunoprecipitated  with  these  proteins  in 
the  presence  of  0.2  mM  EDTA,  implying  that  the  interaction 
is  independent  of  its  nucleotide  binding  status.  We  next  used 
bimolecular  fluorescence  complementation  analysis  (31)  to 
visualize  the  association  of  TIP30  with  these  proteins  in  liv¬ 
ing  cells.  We  observed  that  co-expression  of  TIP30-VC155 
with  VN173-Rab5a,  ACSL4-VN173,  or  Endo  B1-VN173  in 
cells  reconstituted  fluorescence,  whereas  co-expression  of 
TIP30-VC155  and  control  VN173  did  not  (Fig.  1C),  indicat¬ 
ing  that  TIP30  directly  or  indirectly  interacts  with  these  pro¬ 
teins  in  living  cells. 

To  determine  whether  endogenous  TIP30  associates  with 
endogenous  ACSL4  and  EndoBl,  we  did  glycerol  gradient  sed¬ 
imentation  and  observed  that  these  proteins  co-sedimented  at  a 
position  between  the  150-  and  443-kDa  marker  proteins  in  a 
15-35%  glycerol  gradient  (Fig.  2 A).  The  majority  of  TIP30  and 
part  of  Endo  Bl  appeared  in  fractions  containing  proteins 
smaller  than  66  kDa,  suggesting  that  these  two  proteins  may 
exist  mainly  as  a  heterodimer  or  as  separated  homodimers.  An 
in  vitro  binding  assay  showed  that  bacterially  expressed  recom- 


9374  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


VOLUME  286 -NUMBER  11  -MARCH  18,2011 


The  TIP30  Complex  Regulates  EGFR  Endocytosis 


C  TIP30-VC155 
+VN173 


TIP30-VC155 
+VN 1 73-Rab5a 


TIP30-VC155 

+ACSL4-VN173 


TIP30-VC155 
+Endo  B1-VN173 


FIGURE  1.  TIP30  interacts  with  Rab5a,  ACSL4,  and  Endo  B1.  A,  immunoblot  confirmed  the  association  of  Rab5a,  ACSL4,  and  Endo  B1  with  TIP30.  The 
immunoprecipitates  were  resolved  on  SDS-PAGE  and  analyzed  by  immunoblotting  {IB)  with  the  indicated  antibodies.  The  two  polypeptides  that  reacted  with 
anti-HA  antibodies  might  result  from  posttranslational  modifications  on  TIP30.  Input  was  1 0%  (equals  70  pg  of  protein)  of  the  volume  of  lysates  used  in  the 
immunoprecipitation  {IP)  assays.  The  EGFR  blot  serves  as  a  negative  control.  B,  reciprocal  co-immunoprecipitation.  Whole  cell  extracts  made  from  cells 
expressing  FtA-Rab5a,  ACSL4-FIA,  Endo  B1  -FIA,  or  empty  vector  were  subjected  to  co-immunoprecipitation  with  a-FIA-agarose  beads.  The  immunoprecipitates 
were  subjected  to  immunoblot  analysis  with  the  indicated  antibodies.  Input  was  1 0%  of  the  volume  of  lysates  used  in  the  immunoprecipitation  assays. 
C,  bimolecular  fluorescence  complementation  analysis  was  performed  on  293T  cells  by  co-expressing  TIP30-VC1 55  with  VN1 73,  VN1 73-Rab5a,  ACSL4-VN1 73, 
or  Endo  B1-VN173.  Green  indicates  fluorescent  signal  from  Venus,  a  GFP  variant.  Bottom  panels  show  overlays  of  differential  interference  contrast  and  repre¬ 
sentative  confocal  microscope  images.  Scale  bars,  1 0  pm. 


binant  ACSL4  and  Endo  B1  were  able  to  directly  bind  purified 
baculo virus-expressed  recombinant  TIP30  (Fig.  2 B).  These 
results  indicate  that  TIP30,  ACSL4,  and  Endo  B1  may  form  a 
protein  complex  to  interact  with  Rab5a. 

Rab5a  colocalizes  with  EGFR  in  endosomes  in  response  to 
EGF  (35,  36).  To  test  whether  TIP30  is  also  targeted  to  endo- 
somes,  we  co-expressed  TIP30-CFP  and  EGFR-DsRed  fusion 
proteins  and  examined  their  localization  in  HepG2  cells 
lacking  detectable  endogenous  TIP30  and  EGFR.  Confocal 
microscopy  analysis  showed  that  TIP30-CFP  partially  colo- 
calized  with  EGF  and  EGFR-DsRed  in  endosomes  10  min 
after  cells  were  treated  with  Alexa-647-conjugated  EGF 
(Alexa647-EGF;  Fig.  2C),  suggesting  that  TIP30  was  also 
targeted  to  endosomes.  Consistently,  immunostaining  of 
endogenous  TIP30  and  EGFR  revealed  that  TIP30  was  par¬ 
tially  localized  to  EGF-EGFR-positive  endosomes  (Fig.  2D). 
Taken  together,  our  protein-protein  interaction  and  colocal¬ 
ization  studies  suggest  that  TIP30,  ACSF4,  and  Endo  B1 
form  a  protein  complex  and  may  function  together  with 
Rab5a  on  the  endocytic  pathway. 


Inhibition  of  TIP30,  ACSL4,  or  Endo  B1  Leads  to  Delayed 
EGFR  Degradation  and  Sustained  EGFR  Signaling — Knock¬ 
down  of  Rab5a  expression  in  HeEa  cells  retards  EGFR  transport 
from  early  endosomes  to  late  endosomes  and  delays  the  degra¬ 
dation  of  EGFR  (19).  The  interaction  of  TIP30,  ACSL4,  and 
Endo  B1  with  Rab5a  raises  the  possibility  that  these  proteins 
may  also  function  in  endocytic  pathways.  We  performed  EGFR 
internalization  analysis  to  investigate  whether  the  inhibition  of 
TIP30,  ACSL4,  or  Endo  B1  affects  the  endocytic  down-regula¬ 
tion  of  EGFR.  Instead  of  continuous  incubation  with  EGF, 
serum-starved  cells  were  first  incubated  with  EGF  on  ice  to 
allow  for  binding  of  ligand  to  receptors,  and  then  they  were 
washed  to  remove  unbound  EGF  before  being  moved  to  37  °C 
for  internalization.  Nascent  protein  synthesis  was  blocked  by 
cycloheximide  in  the  culture  medium.  This  approach  elimi¬ 
nates  the  interference  from  continuous  ligand  entrance  and 
new  receptor  synthesis,  thus  enabling  us  to  monitor  both  the 
traffic  and  the  fate  of  EGF-EGFR  complexes.  We  found  that 
knockdown  of  TIP30,  Rab5a,  ACSL4,  or  Endo  B1  in  PLC/PRF/5 
cells  (Fig.  3,  A-D)  resulted  in  a  slower  reduction  of  total  EGFR 
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FIGURE  2.  Endogenous  TIP30,  ACSL4,  and  Endo  B1  associate  together.  A,  endogenous  TIP30,  ACSL4,  and  Endo  B1  were  co-sedimented  in  a  glycerol 
gradient.  Whole  cell  extracts  of  PLC/PRF/5  cells  and  protein  markers  were  loaded  on  the  top  of  linear  10-35%  (v/v)  glycerol  gradients  (10  ml)  formed  from  the 
bottom  of  1 2-ml  Beckman  tubes.  The  buffer  throughout  the  gradients  was  20  itim  Flepes-KOFI  (pH  7.0),  1 00  itim  KCI,  1  itim  dithiothreitol.  The  gradients  were 
centrifuged  at  200,000  X  g  in  a  SW41  Ti  rotor  (Beckman)  at  4°C  for  20  h.  After  centrifugation,  fractions  were  collected,  concentrated,  and  subjected  to 
immunoblot  [IB)  analysis.  Albumin  (66  kDa),  alcohol  dehydrogenase  (1 50  kDa)  apoferritin  (443  kDa),  thyroglobulin  (670  kDa),  and  blue  dextran  (2,000  kDa)  were 
run  in  parallel  as  molecular  mass  indicators.  B,  direct  interaction  of  TIP30,  ACSL4,  and  Endo  B1.  GST-ACSL4  and  Flis-Endo  B1  ( lane  /),  FLAG-TIP30  [lane  2),  or 
GST-ACSL4,  His-Endo  B1,  and  FLAG-TIP30  [lane  3)  were  subjected  to  anti-FLAG  M2  immunoprecipitation.  100  ng  of  each  protein  was  used.  Aliquots  of 
precipitates  were  resolved  on  SDS-PAGE  and  analyzed  by  immunoblot  with  the  indicated  antibodies.  Purified  FLAG-TIP30  was  described  previously  (30). 
Bacterially  expressed  GST-ACSL4  was  purchased  from  Abnova.  His-Endo  B1  was  expressed  in  BL21 .  C,  TIP30  and  EGF-EGFR  are  colocalized  in  endosomes  in 
response  to  EGF  treatment.  HepG2  cells  co-expressing  TIP30-CFP  [green]  and  EGFR-DsRed  [red)  were  treated  with  1 0  ng/ml  Alexa647-EGF  [blue)  for  1 0  min  and 
then  analyzed  by  confocal  microscopy.  A  typical  image  is  shown.  The  boxed  areas  are  magnified.  Scale  bar,  10  /jl m.  D,  TIP30  is  localized  to  EGFR-positive 
endosomes.  PLC/PRF/5  cells  were  immunostained  with  antibodies  for  EGFR  [red)  and  TIP30  [green)  after  30  min  of  Alexa488-EGF  [blue)  internalization.  The  boxed 
areas  are  magnified.  Scale  bar,  1 0  /jl m. 
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FIGURE  3.  Knockdown  of  TIP30,  Rab5a,  ACSL4,  and  Endo  B1  in  PLC/PRF/5 
cells.  A-D,  immunoblot  analyses  show  knockdown  of  TIP30,  Rab5a,  ACSL4,  or 
Endo  B1  in  PLC/PRF/5  cell.  Whole  cell  lysates  were  made  from  cells  expressing 
a  scramble  shRNA  or  shRNA  against  TIP30  [A),  Rab5a  [B),  ACSL4  (C),  or  Endo  B1 
(D).  Two  shRNAs  against  each  gene  were  used,  and  equal  amounts  of  protein 
were  loaded  per  lane. 


protein  levels  (Fig.  4,  A-F).  To  corroborate  these  findings,  we 
further  examined  whether  phosphorylation  of  EGFR  at  Tyr-845 
(EGFR-pY845)  and  phosphorylation  of  AI<T  at  Ser-473  (AKT- 
pS473),  a  downstream  target  of  EGFR  signaling,  were  affected. 


Remarkably,  the  levels  of  EGFR-pY845  and  AI<T-pS473  were  sus¬ 
tained  much  longer  in  TIP30,  ACSL4,  Endo  Bl,  or  Rab5a  knock¬ 
down  cells  than  in  control  cells  (Fig.  4,  A-F).  Of  note,  Akt  phos¬ 
phorylation  was  rapidly  increased  followed  by  a  decline  and  then 
increased  again  after  a  3-h  internalization  (Fig.  4,  A-D).  Although 
the  exact  mechanism  to  explain  this  phenomenon  remains  to  be 
tested,  one  can  envisage  that  it  may  reflect  the  autonomic  balance 
of  kinase  and  phosphatase  activities  for  Akt  in  cells. 

To  assess  the  effect  of  TIP30  deletion  on  EGFR  endocytic 
down-regulation  in  normal  cells  and  to  exclude  off-target 
effects  of  shRNAs,  we  performed  EGFR  internalization  analysis 
using  primary  hepatocytes  isolated  from  wild  type  and  Tip30 
knock-out  mouse  littermates.  Deletion  of  Tip30  in  primary 
hepatocytes  delayed  EGF-induced  EGFR  degradation  (Fig.  4,  G 
and  //),  and  the  phosphorylation  of  EGFR  at  Tyr-845  and  Akt  at 
Ser-473  was  higher  and  sustained  longer  in  Tip30^'~  hepato¬ 
cytes  than  in  wild  type  hepatocytes.  Together,  these  data  pro¬ 
vide  strong  evidence  that  TIP30,  ACSL4,  Endo  Bl,  and  Rab5a 
not  only  physically  associate  but  also  function  together  in  pro¬ 
moting  the  endocytic  down-regulation  of  EGFR  protein  level 
and  signaling. 
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FIGURE  4.  TIP30,  Rab5a,  ACSL4,  and  Endo  B1  promote  the  endocytic  down-regulation  of  EGFR.  A-E,  knockdown  of  TIP30,  Rab5a,  ACSL4,  or  Endo  B1  results 
in  delayed  EGFR  degradation  and  sustained  EGFR  signaling.  Control  PLC/PRF/5  cells  (A),  TIP30  ( B ),  Rab5a  [Q,  Endo  B1  (D),  and  ACSL4  (E)  knockdown  cells  were 
incubated  with  1 00  ng/ml  EGF  after  being  serum-starved  for  24  h  and  then  were  washed  with  cold  PBS  and  incubated  with  cycloheximide  at  37  °C.  Cells  were 
collected  at  various  time  points  after  EGF  internalization  and  subjected  to  immunoblot  analysis  with  the  indicated  antibodies.  Results  are  typical  and  repre¬ 
sentative  of  experiments  on  cells  from  two  different  shRNAs.  F,  quantification  of  EGFR  protein  levels  in  A-E  using  Odyssey  2.1  software.  KD,  knockdown. 
G,  deletion  of  Tip30  in  mouse  primary  hepatocytes  leads  to  delayed  EGFR  degradation  and  sustained  EGFR  signaling.  Primary  hepatocytes  were  isolated  from 
wild  type  and  Tip30~/~  mice.  Endocytosis-induced  EGFR  degradation  was  analyzed  as  described  in  A-E.  H,  quantification  of  EGFR  protein  levels  in  G  using 
Odyssey  2.1  software. 


TIP30,  ACSL4,  Endo  Bl,  and  RabSa  Are  Required  for  EGF- 
EGFR  Endocytic  Trafficking— An  early  study  showed  that  EGF 
dissociates  from  EGFR  at  later  stages  of  endocytosis  (37).  More¬ 
over,  it  has  been  suggested  that  EGFR  is  inactivated  before 
being  transferred  to  lysosomes  and  degraded  (6, 13-15).  To  test 
whether  depletion  of  TIP30,  ACSL4,  Endo  Bl,  or  Rab5a  af¬ 
fects  EGF  dissociation  from  EGFR,  we  simultaneously  tracked 
Alexa488-EGF  and  EGFR  at  different  time  points  after  internal¬ 
ization  using  confocal  microscopy.  We  found  that  fluorescent 


EGF  partially  colocalizes  with  EGFR  and  Rab5a  in  control  cells 
after  15  and  30  min  of  internalization  (supplemental  Fig.  SL4). 
Interestingly,  Alexa488-EGF  exited  in  membrane-bound  vesi¬ 
cles  from  EGFR-positive  endosomes  in  control  cells  after  60 
min  of  internalization  (Fig.  5 A).  In  contrast,  the  majority  of  EGF 
remained  colocalized  with  EGFR  in  TIP30  or  Rab5a  knock¬ 
down  cells  (control  cells,  7  ±  3%;  TIP30  knockdown  cells,  36  ± 
4%;  Rab5a  knockdown  cells,  46  ±  5%;  n  =  60,  p  <  0.01  versus 
control  cells;  Fig.  5,  A  and  C).  The  EGF  vesicles  were  devoid  of 
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FIGURE  5.  TIP30  and  Rab5a  depletion  delays  the  exit  of  EGF  from  early 
endosomes.  A,  knockdown  (/CD)  of  TIP30  or  Rab5a  causes  delayed  exit  of 
Alexa488-EGF  from  early  endosomes.  Cells  expressing  control  shRNA  or 
shRNA  against  TIP30  or  Rab5a  were  subjected  to  EGFR  internalization  analy¬ 
sis.  After  internalization  of  Alexa488-EGF  {blue)  for  60  min,  cells  were  fixed  and 
double-immunostained  for  EGFR  {red)  and  EEA1  {green).  Nucleus  was  stained 
by  DAPI  {gray).  Magenta  results  from  overlap  between  red  and  blue.  Results 
are  representative  of  at  least  three  independent  experiments  on  cells 
expressing  two  different  shRNAs.  The  boxed  areas  are  magnified.  Scale  bars, 
1 0  pun.  B,  deletion  of  Tip30  in  mouse  primary  hepatocytes  leads  to  trapping  of 
EGF  in  early  endosomes.  Wild  type  and  Tip30~ primary  hepatocytes  were 
subjected  to  the  same  EGFR  internalization  analysis  as  described  in  A.  The 
boxed  areas  are  magnified.  Scale  bars,  1 0  pun.  C,  quantitative  analysis  of  EGF- 
EGFR  colocalization  60  min  after  EGF  internalization.  60  cells  represented  by 
Fig.  5,  A  and  B,  and  Fig.  6 A  in  each  group  were  analyzed  using  MBFJmageJ. 
Pearson's  colocalization  coefficients  were  calculated  and  converted  to  per¬ 
centages.  Data  represent  means  ±  S.E.  *  p  <  0.05,  **,  p  <  0.01,  relative  to 
control  or  wild  type  cells;  Student's  t  test.  D,  EGF  exits  endosomes  in  LAMP1- 
negative  vesicles.  Cells  were  stained  for  EGFR  and  LAMP1  60  min  after  EGF 
internalization.  Scale  bar,  1 0  pun. 


early  endosomal  markers  EEA1  and  Rab5a,  as  well  as  late  endo- 
somal  and  lysosomal  marker  LAMP1  (Fig.  5 D),  indicating  that 
they  are  neither  early/late  endosomes  nor  lysosomes. 

We  next  performed  EGFR  internalization  analysis  using  wild 
type  and  Tip30~'~  primary  hepatocytes.  Consistently,  Tip30 
deletion  increased  the  colocalization  of  EGF  and  EGFR  nearly 
2-fold  (wild  type  primary  hepatocytes,  15  ±  2%;  Tip30~'~  pri¬ 
mary  hepatocytes,  29  ±  2%;  n  =  20,  p  <  0.01;  Fig.  5,  B  and  C). 

Likewise,  knockdown  of  ACSL4  or  Endo  B1  expression  also 
increased  the  colocalization  of  EGF  and  EGFR  (ACSL4  knock¬ 
down  cells,  40  ±  8%;  Endo  B1  knockdown  cells,  23  ±  5%;  n  = 
60  ,p  <  0.05  versus  control  cells;  Figs.  5 C  and  6 A).  The  majority 
of  EGF  colocalized  with  EGFR  even  after  120  min  of  internal- 
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FIGURE  6.  TIP30,  ACSL4,  and  Endo  B1  are  required  for  the  localization  of 
Rab5a  to  early  endosomes.  A,  knockdown  (/CD)  of  TIP30,  ACSL4,  or  Endo  B1 
inhibits  the  localization  of  Rab5a  to  early  endosomes.  Control  cells  and  TIP30, 
ACSL4,  or  Endo  B1  knockdown  cells  were  subjected  to  EGFR  internalization 
analysis.  60  min  after  internalization  of  Alexa488-EGF  {blue),  cells  were  immu- 
nostained  for  EGFR  {red)  and  Rab5a  {green).  Nucleus  is  stained  by  DAPI  {gray). 
Results  are  typical  and  representative  of  three  experiments  on  cells  from  two 
different  shRNAs.  The  boxed  areas  are  magnified.  Scale  bars,  1 0  pun.  B,  Tip30 
deletion  in  primary  hepatocytes  inhibits  the  recruitment  of  Rab5a  to  early 
endosomes.  Primary  hepatocytes  were  stained  for  EGFR  {red)  and  Rab5a 
{green)  after  60  min  of  EGF  {blue)  internalization.  The  boxed  areas  are  magni¬ 
fied.  Scale  bars,  1 0  pun.  C,  quantitative  analysis  of  Rab5a-EGFR  colocalization 
after  60  min  of  EGF  internalization  was  performed  as  described  in  the  legend 
for  Fig.  2.  Data  represent  means  ±  S.E.  *,  p  <  0.05,  **,  p  <  0.01,  relative  to 
control  or  wild  type  cells;  Student's  t  test. 


ization  in  knockdown  and  Tip30~'~  cells  (supplemental  Fig. 
SI,  A-C).  Taken  together,  these  results  suggest  that  TIP30, 
ACSL4,  Endo  Bl,  and  Rab5a  are  involved  in  promoting  EGF 
dissociation  from  EGFR  during  endocytic  trafficking. 

TIP30,  ACSL4,  and  Endo  Bl  Promote  the  Loading  of  RabSa  on 
Early  Endosomes— Endocytic  vesicles  gain  Rab5a  dynamically 
mostly  by  membrane  fusion  with  Rab5-positive  endosomes  in 
the  course  of  cargo  transport  (38).  This  is  further  supported  by 
the  observation  that  Rab5a  is  mainly  localized  on  numerous 
vesicles  in  the  perinuclear  region  of  cells  under  steady  state 
condition  and  is  rapidly  recruited  to  early  endocytic  vesicles  at 
the  cell  periphery  in  response  to  EGF  (35,  36).  The  similar 
effects  of  TIP30  and  Rab5a  knockdown  on  EGFR  endocytosis 
prompted  us  to  test  whether  TIP30  is  involved  in  the  loading  of 
Rab5a  on  early  endosomes.  In  control  cells,  Rab5a  appeared  in 
EGFR-positive  endosomes  from  which  EGF  had  exited  after  60 
min  of  EGF  internalization  (Fig.  6 A).  By  contrast,  the  colocal¬ 
ization  of  Rab5a  and  EGFR  was  significantly  decreased  in  TIP30 
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knockdown  cells  (control  cells,  72  ±  11%;  TIP30  knockdown 
cells,  18  ±  5%;  n  =  60,  p  <  0.01;  Fig.  6,  A  and  C)  and  Tip30~'~ 
primary  hepatocytes  (wild  type  hepatocytes,  34  ±  8%; 
Tip30~'~  hepatocytes,  12  ±  5%;  n  =  20,p  <  0.05;  Fig.  6,  B  and 
C).  Similar  results  were  obtained  with  ACSL4  or  Endo  B1 
knockdown  cells  (ACSL4  knockdown  cells,  3  ±  2%;  Endo  B1 
knockdown  cells,  27  ±  4%;  n  =  60,  p  <  0.01  versus  control  cells; 
Fig.  6,  A  and  C).  Interestingly,  there  were  a  few  Rab5a-positive 
early  endosomes  in  Endo  B1  knockdown  cells,  which  was  prob¬ 
ably  the  result  of  incomplete  knockdown.  However,  these 
Rab5a-positive  endosomes  appeared  different  from  those  in 
control  cells.  They  did  not  release  EGF  even  after  120  min  of 
internalization  (supplemental  Fig.  SLB),  indicating  that  Endo 
B1  has  an  additional  function  after  Rab5a  recruitment.  This 
provides  a  possible  explanation  for  the  observation  that  Endo 
B1  knockdown  cells  have  less  EGF-EGFR  colocalization  and 
more  Rab5a-EGFR  overlap  but  have  longer  lasting  EGFR  stabil¬ 
ity  when  compared  with  TIP30  and  ACSL4  knockdown  cells 
(Figs.  4,  A-F,  5 C,  and  6C).  Together,  these  results  indicate  that 
TIP30,  ACSL4,  and  Endo  B1  promote  efficient  Rab5a  localiza¬ 
tion  to  early  endosomes. 

RabSa  Vesicles  Transport  V-ATPases  to  Early  Endosomes— 
Intriguingly,  we  noted  that  Rab5a  appeared  in  vesicles  when  it 
was  not  localized  to  EGFR-positive  endosomes  (Fig.  6,  A  and  B). 
To  further  characterize  those  EGFR-negative  Rab5a  vesicles, 
we  co-stained  EEA1  and  Rab5a  in  wild  type  mouse  primary 
hepatocytes  30  min  after  EGF  internalization.  The  EGFR- 
negative  Rab5a  vesicles  were  also  negative  for  EEA1  and  TfR 
(Fig.  7,  A  and  B),  suggesting  that  they  are  neither  plasma 
membrane-derived  endocytic  vesicles  nor  recycling  endo¬ 
somes,  but  likely  transporting  vesicles  that  originate  from 
the  trans-Golgi  network. 

Dissociation  of  ligand-receptor  complexes  inside  endosomes 
is  caused  by  the  low  luminal  pH  created  by  V-ATPases.  Our 
previously  presented  results  showed  that  lack  of  Rab5a  in  early 
endosomes  was  concomitant  with  delayed  EGF-EGFR  dissoci¬ 
ation  induced  by  loss  of  TIP30  or  its  interacting  proteins.  Rab5a 
did  not  coexist  with  EGF  in  EGFR-positive  endosomes,  suggest¬ 
ing  that  Rab5a  vesicles  may  deliver  V-ATPases  to  early  endo¬ 
somes  to  drive  EGF-EGFR  dissociation.  To  test  this  hypothesis, 
we  examined  the  intracellular  localization  of  V-ATPases  by 
staining  for  the  regulatory  subunit  H  (ATP6V1H).  ATP6V1H- 
positive  staining  was  observed  in  Rab5a  vesicles  lacking  EGF 
and  EGFR  in  TIP30  knockdown  cells  (Fig.  7C).  Significant 
reduction  of  ATP6V1H  localization  to  EGFR-positive  endo¬ 
somes  was  observed  in  TIP30,  Rab5a,  ACSL4,  or  Endo  B1 
knockdown  cells  (control  cells,  46  ±  7%;  TIP30  knockdown 
cells,  25  ±  4%;  Rab5a  knockdown  cells,  19  ±  1%;  ACSL4  knock¬ 
down  cells,  19  ±  2%;  Endo  B1  knockdown  cells,  21  ±  1%;  n  = 
60,  p  <  0.05  versus  control  cells;  Fig.  8,  A  and  C)  and  in 
Tip30~'~  primary  hepatocytes  (wild  type  hepatocytes,  61  ± 
4%;  Tip30~'~  hepatocytes,  23  ±  6%;  n  =  20,  p  <  0.01;  Fig.  8,  B 
and  C).  Moreover,  in  live  PLC/PRF/5  cells  co-expressing  EYFP- 
Rab5a  and  ATP6VlH-DsRed,  EGF-positive  endosomes  fused 
with  Rab5a-ATP6V1H  vesicles  at  11  min  after  EGF  internaliza¬ 
tion  and  released  Alexa647-EGF  3  min  after  the  merge  (Fig.  8 D). 

To  determine  whether  mislocalization  of  V-ATPases  affects 
endosomal  acidification,  we  monitored  endosomal  pH  after 


c 


PLC/PRF/5  cells  with  TIP30  KD 


FIGURE  7.  RabSa  vesicles  carry  V-ATPases  and  are  devoid  of  EEA1  and  TfR. 

A,  EGFR-negative  Rab5a  vesicles  are  not  early  endosomes.  Wild  type  mouse 
primary  hepatocytes  were  immunostained  for  EEA1  (red)  and  Rab5a  {green) 
after  30  min  of  EGF  [blue]  internalization.  Scale  bar,  10  jam.  B,  TfR  partially 
colocalizes  with  Rab5a.  PLC/PRF/5  cells  were  immunostained  for  TfR  {red)  and 
Rab5a  {green)  after  10  min  of  EGF  {blue)  internalization.  Scale  bar,  10  ptm. 
C,  V-ATPases  colocalize  with  Rab5a  in  transport  vesicles.  TIP30  knockdown 
{KD)  cells  were  immunostained  for  V-ATPase  {red)  and  Rab5a  {green)  after  30 
min  of  EGF  {blue)  internalization.  Scale  bar,  1 0  jam. 


pHrodo-EGF:Alexa647-EGF  (7:3)  internalization  (39).  Indeed, 
TIP30  knockdown  resulted  in  significantly  less  acidic  endo¬ 
somes  (supplemental  Fig.  S2,  A  and  B).  Taken  together,  these 
data  indicate  that  Rab5a  contribute  to  endosomal  acidification 
by  transporting  V-ATPases  to  endocytic  vesicles  and  that 
TIP30,  ACSL4,  and  Endo  B1  are  required  for  efficient  transport. 

DISCUSSION 

The  present  study  describes  a  novel  protein  complex  consist¬ 
ing  of  TIP30,  ACSL4,  and  Endo  B1  that  interacts  with  Rab5a 
and  regulates  EGFR  endocytic  trafficking.  Down-regulation  of 
these  proteins  results  in  trapping  of  EGF-EGFR  complexes  in 
early  endosomes,  which  enabled  us  to  further  dissect  the  EGFR 
endocytic  pathway.  We  uncovered  two  consecutive  events  fol¬ 
lowing  EGF-EGFR  entrance  into  the  early  endosomes  because 
these  two  events  became  obviously  detectable  when  the  func¬ 
tion  of  the  TIP30  complex  was  inhibited.  First,  newly  formed 
endosomes  are  devoid  of  V-ATPases  and  Rab5a.  V-ATPases  are 
delivered  to  early  endosomes  by  the  Rab5a  vesicles.  Second, 
localization  of  Rab5a  and  V-ATPases  to  the  early  endosomes 
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results  in  the  termination  of  EGFR  endosomal  signaling. 
Clearly,  inhibiting  the  function  of  the  TIP30  complex  can  block 
the  transport  of  V-ATPases  to  endosomes,  leading  to  EGF- 
bound  EGFR  detention  in  endosomes,  delayed  EGFR  endocytic 
degradation,  and  sustained  activation  of  Akt.  Given  that  EGF- 
bound  EGFR  enclosed  in  endosomes  is  sufficient  to  activate 
downstream  molecules  and  to  induce  cell  survival  (40),  our 


FIGURE  9.  Proposed  model  shows  the  regulation  of  Rab5a  vesicle-medi¬ 
ated  transport  of  V-ATPases  to  endocytic  vesicles  in  EGFR  endocytic  traf¬ 
ficking.  Rab5a  directs  the  trans-Golgi  network  (7G/V)-originated  vesicles  car¬ 
rying  V-ATPases  toward  the  cell  peripheral  and  recognizes  endocytic  vesicles 
presumably  by  interacting  with  EEA1  (48, 49).  Then,  the  TIP30  complex  facil¬ 
itates  the  fusion  of  the  two  vesicles  to  help  load  V-ATPases,  which  can  start 
pump  H+  into  endosomes.  EGF  dissociates  from  EGFR  due  to  lower  pH  cre¬ 
ated  by  V-ATPases  and  might  exit  endosomes  in  membrane-bound  vesicles. 


FIGURE  8.  Rab5a  vesicles  transport  V-ATPases  to  early  endosomes. 

A,  depletion  of  TIP30,  ACSL4,  or  Endo  B1  inhibits  the  loading  of  V-ATPases  on 
endocytic  vesicles.  Cells  were  immunostained  for  EGFR  (red)  and  ATP6V1FI 
{green)  after  60  min  of  EGF  {blue)  internalization.  Results  are  typical  and  rep¬ 
resentative  of  three  experiments  on  cells  from  two  different  shRNAs.  The 
boxed  areas  are  magnified.  Scale  bars,  1 0  pirn.  KD,  knockdown.  B,  deletion  of 
Tip30  in  mouse  primary  hepatocytes  results  in  mislocalization  of  V-ATPases. 
Immunostaining  was  performed  as  described  in  A.  Scale  bars,  1 0  /xm.  C,  colo¬ 
calization  between  V-ATPases  and  EGFR  was  analyzed  using  MBFJmageJ. 
Pearson's  colocalization  coefficients  were  calculated  and  converted  to  per¬ 
centages.  *,  p  <  0.05,  **,  p  <  0.01,  relative  to  control  or  wild  type  cells;  Stu¬ 
dent's  t  test.  D,  Alexa647-EGF  is  released  after  EGF  endocytic  vesicles  merge 
with  Rab5a  vesicles.  Live  cells  expressing  ATP6V1  FI-DsRed  (red)  and  EYFP- 
Rab5a  {green)  were  imaged  by  confocal  microscopy  at  the  indicated  times 
after  Alexa647-EGF  internalization,  and  images  of  a  single  focal  plane  were 
acquired.  Atypical  EGF  endocytic  vesicle  movement  was  shown.  Arrows  point 
toward  the  two  vesicles  undergoing  merge  and  EGF  release. 


results  indicate  that  enhanced  EGFR  signaling  by  inhibition  of 
TIP30,  ACSL4  and  EndoBl  may  contribute  to  the  initiation  and 
progression  of  cancers.  Indeed,  we  have  recently  reported  that 
Tip30  deletion  in  MMTV-Neu  mice  leads  to  enhanced  EGFR 
signaling  and  development  of  estrogen  receptor-positive  and 
progesterone  receptor-negative  mammary  tumors  (41).  Thus, 
the  regulation  of  EGFR-mediated  endocytosis  by  the  TIP30 
complex  may  serve  as  a  general  mechanism  to  govern  EGFR 
signaling  and  suppress  tumorigenesis. 

Endo  B1  belongs  to  a  family  of  proteins  containing  N-termi- 
nal  Bin-Amphiphysin-Rvs  (BAR)  domains  and  is  involved  in 
apoptosis,  autophagy,  mitochondrial  fission,  and  endocytic 
trafficking  (42).  The  role  of  Endo  B1  in  EGFR  endocytosis  is 
consistent  with  a  previous  report  that  Endo  B1  colocalizes  with 
EEA1  in  the  early  endosome  of  neural  cells  in  response  to  nerve 
growth  factor  (43).  It  is  noteworthy  that  Endo  B1  knock-out 
mice  exhibited  spontaneous  development  of  lymphomas,  hep¬ 
atocellular  carcinomas,  and  mammary  tumors  (44).  These  phe¬ 
notypes  resemble  the  phenotypes  of  Tip30  knock-out  mice 
(25). 3  Thus,  we  speculate  that  TIP30  and  Endo  B1  may  act  in 
concert  to  suppress  tumorigenesis,  at  least  in  part,  through  the 
regulation  of  EGFR-mediated  endocytosis.  With  the  identifica¬ 
tion  of  the  interaction  between  TIP30  and  Endo  Bl,  this 
hypothesis  can  now  be  addressed. 

Rab  family  proteins  have  been  well  known  to  be  essential  for 
vesicle  targeting  (45).  Rab5a  is  recruited  to  the  early  endo¬ 
somes,  where  it  promotes  the  endocytic  down-regulation  of 
EGFR  and  transition  from  endosome  to  lysosome.  Before  enter¬ 
ing  endosomes,  Rab5a  was  found  in  smaller  vesicles  localized  in 
the  perinuclear  region  (36,  46).  These  Rab5  vesicles  are  redis¬ 
tributed  to  the  cell  periphery  region,  where  they  colocalize  with 


3  A.  Li,  J.  Pecha,  and  H.  Xiao,  unpublished  data. 


9380  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


VOLUME  286-NUMBER  11  -MARCH  18,2011 


The  TIP30  Complex  Regulates  EGFR  Endocytosis 


EGFR  in  early  endosomes  in  response  to  EGF  treatment  (17, 35, 
36).  Notably,  newly  formed  endocytic  vesicles  containing  trans¬ 
ferrin,  LDL,  EGF,  or  influenza  virus  were  devoid  of  Rab5a  and 
acquired  Rab5a  through  merging  with  Rab5a  vesicles  (35).  Our 
data  support  these  observations  and  clearly  show  that  besides 
the  EEA1-  and  EGFR-positive  endocytic  vesicles,  there  is  a  pop¬ 
ulation  of  Rab5a-positive  vesicles  that  are  negative  for  EEA1 
and  EGFR  but  positive  for  V-ATPases.  Given  that  intracellular 
trafficking  of  EGF-EGFR  or  entry  of  dengue  and  West  Nile 
viruses  into  HeLa  cells  by  clathrin-mediated  endocytosis 
requires  vacuolar  acidic  pH  and  Rab5a  (47),  we  propose  that 
Rab5a  is  involved  in  post-trans-Golgi  network  transport  of 
integral  membrane  proteins  and  helps  create  acidic  endosomal 
pH  by  targeting  V-ATPases  to  endosomes,  thereby  providing 
the  driving  force  for  EGFR  endocytic  trafficking  and  viral  entry 
into  host  cells  (Fig.  9). 

We  were  surprised  to  see  that  Alexa488-EGF  vesicles  pinched 
off  from  endosomes  shortly  after  internalization.  This  event 
was  observed  in  both  human  liver  cancer  cells  and  mouse  pri¬ 
mary  hepatocytes.  The  Alexa488-EGF  vesicles  are  previously 
uncharacterized  vesicles  that  are  devoid  of  early  endosomal, 
recycling  endosomal,  and  lysosomal  markers,  implying  that 
EGF  might  exit  endosomes  after  the  dissociation  with  EGFR. 
Nevertheless,  it  will  be  important  to  determine  whether 
Alexa488-EGF  in  these  vesicles  is  intact  or  degraded. 
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Figure  SI.  Deletion  of  TIP30,  ACSL4,  or  Endo  B1  Delays  EGF-EGFR  dissociation  and  inhibits  the 
recruitment  of  Rab5a  to  endocytic  vesicles 

A-B,  TIP30,  ACSL4,  or  Endo  B1  knockdown  delays  EGF-EGFR  dissociation  and  inhibits  the  recruitment 
of  Rab5a  to  endocytic  vesicles.  Localization  of  EGFR  (red)  and  Rab5a  (green)  in  control,  TIP30  KD, 
ACSL4  KD  and  Endo  B1  KD  cells  were  monitored  120  min  after  Alexa488-EGF  (blue)  internalization. 
Nucleus  is  stained  by  DAPI  (gray).  Typical  images  of  cells  in  each  group  are  shown.  Boxed  areas  are 
magnified.  Magenta  represents  red  and  blue  overlap.  Bars,  10  pm. 

C,  TIP30  deletion  in  primary  hepatocytes  leads  to  delayed  EGF-EGFR  dissociation  and  inhibits  the 
recruitment  of  Rab5a  to  endocytic  vesicles.  Wild  type  and  Tip30'A  primary  hepatocytes  were  subjected  to 
EGFR  internalization  analysis  and  were  immunostained  for  EGFR  (red)  and  Rab5a  (green)  120  min  after 
Alexa488-EGF  (blue)  internalization.  Bars,  10  pm. 

Figure  S2.  Knockdown  of  TIP30  inhibits  endosomal  acidification. 

A,  Monitoring  endosomal  acidification  in  living  cells.  Control  and  TIP30  Knockdown  cells  were  starved 
overnight  and  EGFR  internalization  analyses  were  performed  by  using  Alex647-EGF  (red)  and  pHrodo- 
EGF  (green)  that  were  mixed  in  a  ratio  of  3:7.  Fluorescence  from  pHrodo  indicates  endosomal 
acidification.  Images  were  acquired  at  the  indicated  time  points.  Bars,  5  pm. 

B,  Quantification  of  endosomal  acidification.  Alex647-  and  pHrodo-positive  endosomes  in  5  cells  of  each 
group  were  counted  and  percentage  of  pHrodo-positive  endosomes  was  calculated.  **P  <0.01,  relative  to 
control  cells;  t  test. 
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Abstract 

Efficient  membrane  fusion  has  been  successfully  mimicked  in  vitro  using  artificial  membranes  and  a  number  of  cellular  proteins 
that  are  currently  known  to  participate  in  membrane  fusion.  However,  these  proteins  are  not  sufficient  to  promote  efficient 
fusion  between  biological  membranes,  indicating  that  critical  fusogenic  factors  remain  unidentified.  We  have  recently  identified  a 
TIP30  protein  complex  containing  TIP30,  acyl-CoA  synthetase  long-chain  family  member  4  (ACSL4)  and  Endophilin  B1  (Endo  B1) 
that  promotes  the  fusion  of  endocytic  vesicles  with  Rab5a  vesicles,  which  transport  endosomal  acidification  enzymes  vacuolar 
(H+)-ATPases  (V-ATPases)  to  the  early  endosomes  in  vivo.  Here,  we  demonstrate  that  the  TIP30  protein  complex  facilitates  the 
fusion  of  endocytic  vesicles  with  Rab5a  vesicles  in  vitro.  Fusion  of  the  two  vesicles  also  depends  on  arachidonic  acid,  coenzyme  A 
and  the  synthesis  of  arachidonyl-CoA  by  ACSL4.  Moreover,  the  TIP30  complex  is  able  to  transfer  arachidonyl  groups  onto 
phosphatidic  acid  (PA),  producing  a  new  lipid  species  that  is  capable  of  inducing  close  contact  between  membranes.  Together, 
our  data  suggest  that  the  TIP30  complex  facilitates  biological  membrane  fusion  through  modification  of  PA  on  membranes. 
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Introduction 

Membrane  fusion  is  well  known  as  one  of  the  most  fundamental 
cellular  processes  in  living  organisms.  It  generally  requires  cellular 
factors  to  bring  donor  and  recipient  membranes  into  close  pro¬ 
ximity,  increase  membrane  curvature,  and  disturb  lipid  bilayers 
[1,2].  Extensive  studies  during  the  past  decades  have  led  to  the 
identification  of  a  number  of  fusogenic  proteins  and  lipids.  In 
addition  to  lipids  such  as  acyl-CoA  [3,4],  arachidonic  acid  [5,6], 
phosphoinositides,  phosphotidic  acid  and  diacylglycerol  [7,8,9], 
many  proteins  including  Rab5,  Rab5  effectors,  SNARE  proteins 
and  SNARE  accessory  factors  are  necessary  for  various  mem¬ 
brane  fusion  events  [10,11]. 

Recently,  efficient  endosome  fusion  was  successfully  mimicked 
using  proteoliposomes  reconstituted  with  17  recombinant  core 
fusion  proteins  [2,12].  Notably,  however,  these  proteins  are  not 
sufficient  to  promote  efficient  fusion  between  biological  membranes, 
indicating  that  biological  membrane  fusion  requires  more  cellular 
factors  than  artificial  membrane  fusion.  Given  that  purified  endo¬ 
somes  contain  the  core  SNARE  proteins  Syntaxin6,  Syntaxinl3, 
Vtila  and  VAMP4,  it  is  likely  that  factors  needed  for  initiating 
membrane  fusion  have  yet  been  identified. 

Among  the  lipids  that  play  key  roles  in  membrane  fusion, 
arachidonic  acid  has  been  shown  to  be  required  for  endosome  fusion 
in  vitro  [6],  and  is  the  most  effective  fusogen  in  chromaffin  granule 
fusion  [13].  In  addition,  membrane-bound  arachidonic  acid  can 
drive  annexin  II-mediated  membrane  fusion  of  the  lamellar  body 
with  the  plasma  membrane  during  the  exocytosis  [5] . 


We  have  recently  identified  a  protein  complex  containing  TIP30, 
AGSL4  and  Endo  B1  that  interacts  with  Rab5a  and  facilitates  the 
loading  of  V-ATPases  on  endocytics  vesicles.  Inhibiting  any  of  these 
proteins  causes  the  mislocalization  of  V-ATPases,  thus  leading  to  the 
trapping  of  EGF-EGFR  complexes  in  endocytic  vesicles,  delayed 
EGFR  degradation  and  sustained  EGFR  endosomal  signaling  [14]. 
In  addition,  we  have  shown  that  Rab5a  and  V-ATPase  reside  in 
vesicles  devoid  of  EGFR,  the  early  endosomal  marker  EEA1  and  the 
recycling  endosomal  marker  transferrin  receptor  (TfR),  suggesting 
that  Rab5a  functions  as  a  identity  tag  for  vesicles  that  deliver  V- 
ATPases  to  endosomes  [14].  Given  that  localization  of  integral  mem¬ 
brane  proteins  to  their  target  membranes  requires  vesicle  membrane 
fusion  [15],  we  therefore  examined  if  the  TIP30  protein  complex  can 
promote  vesicle  membrane  fusion  in  vitro.  Since  AGSL4  was  identified 
in  the  protein  complex  and  it  is  an  acyl-CoA  synthetase  that  prefers 
arachidonic  acid  as  the  reaction  substrate,  we  included  both  arachi¬ 
donic  acid  and  coenzyme  A  in  the  in  vitro  membrane  fusion  reactions. 
We  found  that  the  TIP30  complex  and  the  synthesis  of  arachidonyl- 
GoA  from  arachidonic  acid  and  coenzyme  A  are  required  for  efficient 
fusion  of  Rab5a  vesicles  with  endocytic  vesicles.  The  TIP30  complex 
may  initiate  membrane  fusion  by  modifying  membrane  PA. 

Results 

The  TIP30  complex,  arachidonic  acid  and  coenzyme  A 
promote  fusion  between  endocytic  and  Rab5a  vesicles 

To  investigate  whether  the  TIP30  complex  can  promote  mem¬ 
brane  fusion  in  vitro,  we  used  a  confocal  microscopy-based  in  vitro 
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fusion  assay  [16,17]  to  monitor  fusion  between  endocytic  and 
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treated  cells.  The  two  types  of  vesicles  that  contain  equal  amount  of 
proteins  were  incubated  in  the  fusion  buffer  at  37°C  followed  by 
examination  with  confocal  microscopy.  Vesicle  fusion  and  aggre¬ 
gation  were  represented  by  the  fluorescence  overlap  between 
EGFR-DsRed  and  EYFP-Rab5a. 

Since  AGSL4  is  an  acyl-CoA  ligase  with  high  substrate  pre¬ 
ference  for  arachidonic  acid  (C20:4)  [18],  we  first  tested  if  arachi- 
donic  acid  and  coenzyme  A  are  needed.  Vesicles  resulting  from 
reactions  that  were  kept  on  ice  were  evenly  distributed  on  the 
slides,  appearing  as  small  vesicles  with  low  fluorescence  intensity 
and  no  fluorescence  overlap  (Figure  1A,  lane  1;  Figure  IB).  Simi¬ 
larly,  no  fluorescence  overlap  was  observed  in  the  absence  of 
arachidonic  acid  or  in  the  presence  of  triacsin  C  (10  uM),  a  potent 
inhibitor  of  AGSF4  (Figure  1A,  lanes  4  and  6;  Figure  IB).  In 
contrast,  in  the  presence  of  arachidonic  acid  and  coenzyme  A, 
immunopurified  TIP30  complex  caused  vesicle  enlargement  and 
significantly  increased  fluorescence  overlap  (TIP30  complex:  50 ± 
6%;  control  eluates:  20 ±3%;  omitting  coenzyme  A:  17± 
2%;  omitting  GTP:  16 ±4%;  n  =  6  representative  confocal  images 
of  143x143  pm,  p<0.01  versus  TIP30  complex;  Figure  1A  and 
IB),  thereby  resulting  in  much  intensified  fluorescence.  Rab5a 
vesicles  attached  to  aggregated  endocytic  vesicles,  but  remained  as 
small  particles  when  the  TIP30  complex,  coenzyme  A,  or  GTP  was 
omitted.  The  effect  of  GTP  exclusion  is  consistent  with  the  fact  that 
GTP  is  a  known  membrane  fusion  factor  and  required  for  Rab5a 
function.  We  next  screened  for  other  fatty  acids  that  might 
promote  membrane  fusion,  including  palmitic,  palmitoleic,  oleic, 
linoleic,  linolenic,  eicosapentaenoic,  and  docosahexaenoic  acids. 
None  of  these  fatty  acids  could  promote  vesicle  enlargement  and 
fluorescence  overlap  (data  not  shown).  Furthermore,  arachidonic 
acid  significantly  increased  fluorescence  overlap  in  the  presence  of 
HeFa  cell  cytoplasmic  SI 00  extracts  that  containing  the  TIP30 
complex  (HeFa  SI 00:  2 ±2%;  HeFa  SlOO+arachidonic  acid: 
50±5%;  n  =  6  representative  confocal  images  of  143x143  pm, 
p<0.01  versus  HeFa  SI 00;  Figure  1C).  These  results  suggest  that 
arachidonic  acid  and  the  TIP30  complex  are  involved  in 
membrane  aggregation  and/ or  fusion,  which  are  consistent  with 
our  in  vivo  data  [14]  and  previous  reports  that  arachidonic  acid  is 
essential  for  vesicle  membrane  fusion  [6,13]. 

To  determine  whether  that  vesicle  enlargement  and  fluores¬ 
cence  overlap  were  due  to  membrane  fusion  or  aggregation,  we 
examined  the  vesicles  that  resulted  from  fusion  reactions  by 
transmission  electron  microscopy  (TEM).  Without  the  addition  of 
arachidonic  acid,  all  vesicles  appeared  spherical  and  ranged  in 
diameter  from  50  to  300  nm.  In  contrast,  the  complete  fusion 
reaction  led  to  the  production  of  vesicles  enlarged  to  more  than 
1  pm  in  diameter  (Figure  2 A);  the  larger  vesicles  were  not  found  in 
reactions  without  arachidonic  acid.  Ongoing  fusion  could  also  be 
observed.  Quantitative  analysis  revealed  a  significant  increase  in 
the  amount  of  enlarged  vesicles  (with  arachidonic  acid:  300— 
500  nm,  24±2%;  >500  nm,  16.5±1.5%;  without  arachidonic 
acid:  300-500  nm,  1  ±0.2%;  >500  nm,  0;  n=150,  p<0.01; 
Figure  2B).  Given  the  fluorescent  overlap  between  two  types  of 
vesicles  in  the  complete  reactions  shown  in  Figure  1 ,  these  results 
indicate  that  the  TIP30  complex  and  synthesis  of  arachidonyl- 
CoA  are  essential  for  the  fusion  of  Rab5a  vesicles  with  endocytic 
vesicles. 
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Figure  1.  The  TIP30  protein  complex,  arachidonic  acid  and 
coenzyme  A  promote  the  fusion  between  endocytic  and  Rab5a 
vesicles.  (A)  Aliquots  of  isolated  EGFR-DsRed  and  EYFP-Rab5a  vesicles 
(both  contain  20  pg  of  proteins)  were  mixed  and  incubated  in  reactions 
(20  pi)  with  the  indicated  components.  The  resulting  fusion  products  were 
spotted  on  glass  slides  and  images  were  taken  using  confocal  microscope. 
Panels  1,  4  and  6  were  scanned  with  3x  amplification  gain  setting  due  to 
lower  fluorescence  intensity  of  individual  vesicles.  Arachidonic  acid 
(100  nmol)  was  used  in  the  reactions.  Images  are  single  plane  and  are 
representative  for  at  least  three  independent  experiments.  Scale  bars,  5  pm. 
(B)  Signal  overlap  was  quantified  using  MBFJmageJ.  Pearson's  colocaliza¬ 
tion  coefficients  were  calculated  from  three  independent  experiments  and 
were  converted  to  percentages.  Data  represent  means  ±  SEM.  **P<0.01, 
***P< 0.001 ;  t  test.  (C)  Arachidonic  acid  promotes  the  vesicle  fusion  induced 
by  FleLa  cell  SI  00.  SI  00  fractions  (4  mg/ml)  of  FleLa  cells  were  incubated 
with  isolated  EGFR-DsRed  and  EYFP-Rab5a  vesicles  (both  contain  20  pg 
proteins)  in  the  absence  or  presence  of  100  nmol  arachidonic  acid. 
Resulting  vesicles  were  examined  using  confocal  microscopy  (left  panel) 
and  fluorescence  overlaps  were  quantified  (right  panel). 
doi:1 0.1 371/journal. pone.0021 233.g001 

Recombinant  TIP30,  ACSL4  and  Endo  B1  can  replace  the 
TIP30  complex  in  promoting  fusion  of  endocytic  vesicles 
with  Rab5a  vesicles 

To  exclude  possible  influences  of  other  associated  or  contam¬ 
inating  proteins  in  immunopurified  TIP30  complexes,  we  replaced 
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Figure  2.  Transmission  electron  microscopy  analysis  of  products  from  in  vitro  vesicle  fusion  assays.  (A)  EGFR-DsRed  and  EYFP-Rab5a 
vesicles  were  incubated  with  immunopurified  TIP30  complex  in  the  fusion  buffer  with  (right  panel)  or  without  (left  panel)  100  nmol  of  arachidonic 
acid.  Resulting  vesicles  were  stained  with  uranyl  acetate  and  examined  using  TEM.  Scale  bars,  500  nm.  (B)  The  graphs  show  the  percentages  of 
vesicles  with  different  diameters.  At  least  6  images  from  two  independent  experiments  were  counted.  Data  represent  means  ±  SEM.  n  =  150; 
**P<0.01,  t  test. 
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the  immuno-complexes  with  bacterially-expressed  recombinant 
TIP30,  ACSL4  and  Endo  B1  in  cell  free  assays.  The  three  highly 
purified  recombinant  proteins  (Figure  3A)  can  efficiently  promote 
fluorescence  overlap  (75 ±6%),  whereas  lack  of  any  of  these  pro¬ 
teins  led  to  significantly  less  overlap  (TIP30:  18 ±1%;  TIP30  and 
AGSL4:  23±  1%;  Endo  Bl:  35 ±3%;  AGSL4  and  EndoBl:  8±2%; 
ACSL4:  20±5%;  n  =  6  representative  images  of  143  x  143  pm;  p< 
0.01  versus  TIP30,  ACSL4  and  Endo  Bl;  Figure  3B  and  3G). 
TIP30M,  a  TIP30  mutant  with  a  mutated  putative  nucleotide 
binding  motif  (GXXGXXG)  [19],  only  promoted  24±2%  overlap 
(n  =  6  representative  images  of  143  x  143  pm;  p<0.01  versus  TIP30, 
AGSL4  and  Endo  Bl;  Figure  3B  and  3C,  panel  4).  These  data  sug¬ 
gest  that  TIP30,  ACSL4  and  Endo  Bl  together  can  substitute  for 
the  TIP30  complex  in  promoting  the  fusion  between  endocytic  and 
Rab5a  vesicles. 

Vesicle  tethering  and  stacking  induced  by  acylation  of 
phosphatidic  acid 

To  gain  further  insight  into  how  TIP30  and  its  interacting 
proteins  mediate  membrane  fusion,  we  first  used  3EI-arachidonic 


acid  to  label  membrane  lipids  and  found  that  at  least  one  lipid 
species  in  purified  early  endosomes  was  specifically  labeled  by  the 
TIP30  complex  (Figure  4A,  lane  2).  The  production  of  the  labeled 
lipid  was  significantly  less  in  the  reaction  using  control  eluates  (lane 
1)  or  TIP30M  immunoprecipitates  (lane  3),  and  was  blocked  by 
triacsin  G  (lane  5).  The  new  lipid  species  was  not  observed  when 
Rab5a  vesicles  were  used  in  the  reactions  (data  not  shown).  These 
data  indicate  that  lipids  on  endocytic  vesicles  are  the  specific  recip¬ 
ients  of  the  arachidonyl  group. 

To  identify  the  lipids  that  are  modified,  we  performed  protein- 
lipid  overlay  assays  using  membrane  strips  prespotted  with  15 
cellular  membrane  lipids  (Figure  4B).  TIP30  and  Endo  Bl  spe¬ 
cifically  bind  phosphatidic  acid  (PA)  and  cardiolipin.  Endo  B 1  also 
binds  phosphatidylinositol  4-phosphate  (PtdIns(4)P;  Figure  4G). 
AGSL4  and  Rab5a  did  not  bind  any  lipids  spotted  on  the  strips 
(data  not  shown).  Cardiolipin  is  found  predominantly  in  the  inner 
mitochondrial  membrane,  whereas  PA  has  been  implicated  in  the 
fusion  of  various  intracellular  membranes  [7,20].  Therefore,  we 
focused  on  PA  and  tested  whether  the  TIP30  complex  could  con¬ 
vert  PA  to  PA-derivatives.  Lipids  extracted  from  the  acylation 
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Figure  3.  Bacterially  expressed  recombinant  TIP30,  ACSL4  and 
Endo  B1  can  replace  the  TIP30  complex  in  promoting  efficient 
vesicle  fusion.  (A)  Recombinant  proteins  were  expressed  in  BL21  cells 
and  were  purified  using  cobalt  affinity  resins.  Eluted  proteins  were 
subjected  to  SDS-PAGE  analysis  followed  by  Coomassie  blue  staining. 
Images  were  acquired  using  a  Li-Cor  scanner.  (B)  EGFR-DsRed  and  EYFP- 
Rab5a  vesicles  were  incubated  with  the  indicated  recombinant  proteins 
(20  ng  each)  in  the  fusion  buffer.  Resulting  fusion  products  were 
examined  using  confocal  microscope.  Scale  bars,  5  pm.  (C)  Quantifica¬ 
tion  of  images  represented  in  (B).  Signal  overlap  was  quantified  using 
MBFJmageJ.  Pearson's  colocalization  coefficients  were  calculated  from 
three  independent  experiments  and  converted  to  percentages.  Data 
represent  means  ±  SEM.  **P<0.01,  ***p< 0.001;  t  test. 
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reactions  with  PA  and  arachidonic  acid  as  substrates  were 
subjected  to  MS /MS  and  LG -MS /MS  spectrometry  analyses 
(Figure  5A-5G).  The  flow  injection  precursor  scan  in  both  modes 
revealed  one  predominant  peak  with  an  m/ z  (mass-to-charge  ratio) 
value  of  940.2,  which  does  not  match  the  exact  mass  of  any  known 
lipids  in  the  database  (lipidmaps.org).  Thus,  the  identity  of  lipid 
product  of  the  TIP30  complex  remains  unknown.  However,  since  its 
mass  is  very  close  to  the  mass  (940.85)  of  triacylglycerols  (C61H11206), 
we  speculate  that  it  might  be  a  triacylglycerol. 

To  determine  how  PA  derivatives  per  se  would  affect  membrane 
fusion,  we  carried  out  acylation  reactions  by  incubating  PA  or 
phosphoinositide  (PI)  with  the  TIP30  complex  in  the  fusion  buffer. 
The  resulting  lipids  were  purified,  resuspended  by  sonication,  and 
incubated  with  vesicles.  Interestingly,  the  PA  derivatives  promoted 


dramatic  fluorescence  overlap  among  endocytic  and  Rab5a 
vesicles  on  ice  (Figure  6).  In  contrast,  PA  incubated  with  control 
eluates  did  not  promote  significant  fluorescence  overlap  among  the 
vesicles,  nor  did  phosphoinositide  (PI)  that  was  prepared  with  the 
same  procedure  as  the  PA  derivative.  A  triacylglycerol  (1,2- 
Dilinoleoyl-3-palmitoyl-rar-glycerol)  with  a  palmitoyl  tail  at  the  sn- 
3  position  also  increases  significant  fluorescence  overlap  (Figure  6). 
.  These  results  indicate  that  the  PA  derivatives  possibly  promote 
membrane  aggregation  and/ or  fusion. 

Finally,  we  used  electron  microscopy  to  examine  the  vesicles 
after  incubation  with  PA  derivatives  that  were  generated  by  either 
immunopurified  or  recombinant  protein-reconstituted  TIP30  com¬ 
plexes  (Figure  7).  PA  derivatives  caused  vesicle  tethering  and 
stacking,  which  is  marked  by  dramatic  deformation  (Figure  7B  and 
7C).  In  contrast,  the  vesicle  aggregation  caused  by  triacyglycerol 
seemed  due  only  to  tethering  (Figure  7E),  indicating  that  these 
specific  commercially  available  triacyglycerols  do  not  have  the 
ability  to  induce  vesicle  stacking;  therefore  do  not  represent  the  new 
lipid  species  generated  by  the  TIP30  complex.  Consistent  with  the 
confocal  microscopy  data,  PA  treated  with  control  eluates  (Figure  7  A) 
or  PI  treated  with  immunpurified  TIP30  complex  (Figure  7D)  had  no 
apparent  effect. 

Nonetheless,  we  did  not  observe  complete  fluorescence  overlap 
and  enlarged  endosomes  (>0.5  pm  in  diameter)  as  seen  in  Figure  2, 
suggesting  that  additional  activities  of  the  TIP30  complex  or  other 
proteins  on  the  membranes,  such  as  SNAREs,  SNARE  accessory 
factors,  Rab5a  and  its  effectors,  are  needed  to  accomplish  the  fusion 
steps  following  close  membrane  contact.  Collectively,  these  data 
indicate  that  TIP30,  ACSL4,  and  Endo  B1  promote  vesicle  mem¬ 
brane  fusion  by  fatty  acylating  PA. 

Discussion 

Elucidating  the  molecular  basis  of  intracellular  trafficking  and 
protein  sorting  requires  the  identification  of  the  critical  compo¬ 
nents  participating  in  these  processes.  Our  earlier  studies  demon¬ 
strated  that  proteins  in  the  TIP30  protein  complex  are  required  for 
the  fusion  of  endocytic  and  Rab5a  vesicles  in  vivo.  In  the  present 
study,  using  both  confocal  microscopy  and  transmission  electron 
microscopy,  we  demonstrated  that  the  TIP30  complex  promotes 
membrane  fusion  in  vitro  and  that  arachidonyl-CoA  synthesis  by 
ACSL4,  a  component  in  the  TIP30  complex,  is  essential  for 
membrane  fusion. 

Arachidonic  acid  has  been  shown  to  be  involved  in  vesicle 
membrane  fusion  [6, 1 3] .  Previous  reconstituted  approaches  in  vitro 
have  contributed  greatly  to  our  understanding  of  membrane  fusion. 
However,  to  our  knowledge,  efficient  fusion  between  biological 
membranes  has  hardly  been  achieved  in  vitro  in  cell  free  assays 
without  using  cytosol  fractions  or  arachidonic  acid,  further  empha¬ 
sizing  the  important  role  of  arachidonic  acid  during  membrane 
fusion.  How  does  arachidonic  acid  promote  membrane  fusion? 
Arachidonic  acid  has  been  proposed  to  stimulate  SNARE  complex 
assembly  [21,22,23].  Our  data  seem  support  these  observations  by 
showing  that  endocytic  vesicles  recognize  Rab5a  vesicles  only  after 
arachidonic  acid  was  added  to  the  reactions.  Interestingly,  fusion 
did  not  occur  in  the  absence  of  the  TIP30  complex  or  in  the 
presence  of  the  ACSL4  inhibitor.  These  results  suggest  that  in  addi¬ 
tion  to  directly  promoting  SNARE  complex  assembly,  arachidonic 
acid  must  be  activated  by  esterification  to  stimulate  membrane 
fusion. 

We  further  showed  that  the  arachidonyl  group  is  transferred  to 
endosomal  PA  to  generate  a  new  lipid  species  that  induce  vesicle 
tethering  and  stacking.  Thus,  we  suggest  a  hypothesis  that  arachi¬ 
donic  acid  promotes  membrane  fusion  by  contributing  to  both  PA 
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Figure  4.  TIP30  and  Endo  B1  strongly  bind  phosphatidic  acid.  (A)  Fatty  acylation  of  endosomal  lipids  by  the  TIP30  complex.  [3H]-arachidonic 
acid  can  be  transferred  to  endosomal  membrane  lipids  by  the  TIP30  complex,  but  not  by  TIP30M  immunoprecipitates  or  control  immunoprecipitates 
(left  panel).  The  transfer  was  blocked  by  1 0  piM  triacsin  C  (right  panel).  Image  was  acquired  by  scanning  lipids  resolved  on  TLC  plate  with  a  Molecular 
Dynamics  Storm  860.  *  indicates  the  radiolabeled  lipid.  (B)  The  schematic  diagram  shows  the  lipid  species  pre-spotted  on  membranes  that  are  used 
in  lipid-protein  overlay  assays.  (C)  TIP30  and  Endo  B1  strongly  bind  phosphatidic  acid  (PA).  Protein-lipid  overlay  assays  were  carried  out  by  incubating 
recombinant  proteins  with  membrane  strips  containing  15  pre-spotted  lipids.  Membranes  were  scanned  using  a  Li-Cor  scanner  after  being 
sequentially  overlaid  with  primary  and  fluorescent  secondary  antibodies. 
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acylation  and  SNARE  complex  assembly.  Consistent  with  this 
view,  PA  and  its  synthetase  phospholipase  D  (PLD)  are  known  to 
participate  in  membrane  fusion  during  vesicle  transport  [20,24]. 
Moreover,  as  integral  components  of  many  biological  membranes, 
triacylglycerols  have  been  demonstrated  to  possess  great  potency 
to  promote  spontaneous  curvature  in  an  acyl  chain  length  de¬ 
pendent  manner  [25],  which  may  alter  membrane  structure  to 
support  membrane  fusion  [1,2].  We  speculate  that  the  addition  of 
the  hydrophobic  acyl  chain  to  endosomal  PA  may  help  to  over¬ 
come  the  repulsive  hydration  force  generated  from  water  bound  to 
the  lipid  headgroups.  In  addition,  triacylglycerols  can  exhibit  an 
extended  conformation  [26]  with  the  3-arachidonyl  group  in  the 
opposite  direction  of  the  other  two  acyl  chains,  thereby  allowing 
for  attachment  and  fusion  between  two  membranes  [27,28].  Our 
results  suggest  that  as  an  initiation  event,  acylation  of  endosomal 
PA  enables  the  close  contact  between  donor  and  recipient  mem¬ 
branes,  thus  allowing  for  fusion  to  be  accomplished  by  SNAREs, 
SNARE  accessory  factors,  Rab5  and  its  effectors.  Nevertheless, 
although  we  favor  this  hypothesis  to  explain  the  role  of  TIP30  in 
membrane  fusion  and  endocytic  trafficking,  we  do  not  rule  out 
other  possible  hypotheses  that  may  also  explain  the  actions  of  the 
TIP30  complex.  Undoubtedly,  efficient  fusion  could  be  achieved 
using  artificial  membranes  in  the  absence  of  arachidonic  acid.  This 
may  be  due  to  the  fact  that  artificial  membranes  are  far  less 
complex  than  biological  membranes  in  terms  of  membrane 


composition,  organization  and  dynamics,  thereby  requiring  much 
less  factors  to  fuse.  This  view  is  supported  by  the  observation  that 
the  same  set  of  proteins  could  promote  efficient  fusion  of  artificial 
membranes  but  incapable  of  inducing  efficient  biological  mem¬ 
brane  fusion  [12].  Furthermore,  our  data  suggest  that  the  TIP30 
complex  modifies  lipids  to  initiate  membrane  fusion.  This  step 
may  have  been  bypassed  during  the  processes  of  lipid  extraction 
and  membrane  reconstitution.  It  would  be  interesting  to  find  out 
whether  addition  of  arachidonic  acid,  GoA  and  the  TIP30 
complex  could  enhance  artificial  membrane  fusion. 

Clearly,  more  work  is  needed  to  determine  how  fatty  acylated 
PA  and  other  lipid  derivatives  cooperate  with  the  action  of 
SNAREs,  Rab5  and  their  effectors  in  membrane  fusion.  Future 
studies  may  also  focus  on  finding  out  how  the  TIP30  complex 
acylates  PA  and  what  the  exact  identity  of  the  fusion  products  is.  It 
is  expected  that  a  more  precise  mechanism  underlying  membrane 
fusion  will  emerge  by  integrating  information  from  studies  of  both 
lipids  and  proteins. 

Materials  and  Methods 

Reagents 

DMEM,  fetal  bovine  serum,  trypsin,  penicillin,  and  streptomy¬ 
cin  were  purchased  from  Invitrogen.  Anti-HA  agarose  beads  were 
from  Roche  Applied  Science.  Polyclonal  rabbit  anti-human  Rab5a 
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Figure  5.  Arachidonyl  group  was  transferred  onto  phosphatidic  acid.  (A)  PA  was  incubated  with  the  TIP30  protein  complex  in  the  fusion 
buffer.  Resulting  lipids  were  purified  and  subjected  to  flow  injection  negative  scan  in  the  range  of  400-1400  u.  A  predominant  peak  of  699.5  was 
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detected.  Atomic  mass:  arachidonic  acid,  304.5  u;  18:1  PA,  699.5  u.  The  lipids  in  the  smaller  peaks  have  molecular  weights  that  do  not  match  any  of 
the  expected  PA  derivatives.  (B)  The  flow  injection  negative  precursor  scan  for  303.2  u  over  a  mass  range  of  400-1400  u.  (C)  The  LC-C18  negative 
precursor  scan  for  303.2  u  over  a  mass  range  of  400-1400  u.  The  lipids  after  the  acylation  reaction  was  extracted  and  chromatographed  on  a  C-18 
column  to  reduce  possible  adduction  mechanisms  of  compounds  detected  in  the  flow  injection  negative  precursor  scan  of  303.2  u. 
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antibody  was  from  Cell  Signaling.  Polyclonal  rabbit  anti-human 
ACSL4  was  a  generous  gift  from  Stephen  Prescott  (University  of 
Utah).  Polyclonal  rabbit  anti-human  Endo  Bl,  LPA,  triacylgly- 
cerol  (l,2-Dihnoleoyl-3-palmitoyl-rac-glycerol),  arachidonic  acid 
and  GoA  were  from  Sigma- Aldrich.  PA  (l,2-dioleoyl-sn-glycero-3- 
phosphate)  were  purchased  from  Avanti  Polar  Lipids.  [3H]- 
arachidonic  acid  was  from  PerkinElmer. 

Cell  culture 

PLC/PRF/5  and  HepG2  cell  lines  were  purchased  from  ATGG 
and  cultured  in  DMEM  supplemented  with  10%  fetal  bovine 
serum  and  penicillin /streptomycin  at  37°G  in  5%  C02. 

Immunoprecipitation 

Immunoprecipitations  were  performed  as  previously  described  [14]. 

Purification  of  endocytic  and  Rab5a  vesicles 

HepG2  cells  were  transduced  by  the  lentivirus  carrying  vector 
pSin-EGFR-DsRed  or  pSin-EYFP-Rab5a  and  were  selected  for  4 
days  with  2  pg/ml  puromycin.  To  prepare  endosomes  carrying 
EGFR-DsRed,  we  treated  cells  with  10  ng/ml  EGF  at  37°G  for 
1 0  minutes  and  purified  early  endosomes  on  the  flotation  gradient 
essentially  as  described  [29].  Briefly,  cells  were  incubated  with 
10  ng/ml  EGF  for  10  min  at  37°G.  After  several  washings,  cells 
were  scraped  and  pelleted  at  4°G  before  being  subjected  to  needle 
breakdown  in  homogenization  buffer  (250  mM  sucrose,  3  mM 
imidazole,  pH  7.4,  1  mM  EDTA)  at  4°C.  Homogenates  were 
centrifuged  at  3000  rpm  for  10  min  at  4°C  and  post-nuclear 
supernatants  (PNS)  were  collected.  PNSs  were  then  suspended  in 
40.6%  sucrose  by  adding  a  stock  solution  (62%  sucrose,  3  mM 
imidazole,  pH  7.4,  1  mM  EDTA)  and  loaded  at  the  bottom  of  a 
SW40  centrifugation  tube.  The  load  was  then  sequentially  overlaid 
with  1.5  ml  of  35%  sucrose  in  3  mM  imidazole,  pH  7.4  with 
1  mM  EDTA;  1  ml  of  25%  sucrose  in  3  mM  imidazole,  pH  7.4 


with  1  mM  EDTA;  and  at  the  top  with  0.5  ml  of  homogenization 
buffer.  The  gradient  was  centrifuged  at  125000  g  for  60  min  at 
4°C.  Early  endosomal  fractions  were  collected  at  the  35%/ 25% 
sucrose  interface. 

Rab5  vesicles  containing  EYFP-Rab5a  were  prepared  as  de¬ 
scribed  [30].  Briefly,  HepG2  cells  expressing  pSin-EYFP-Rab5a 
were  starved  for  24  hours  before  being  scraped  and  pelleted  at 
4°C.  PNSs  were  prepared  as  described  above.  PNSs  were  then 
centrifuged  at  10000  rpm  at  4°G  using  a  bench  top  centrifuge.  The 
post  mitochondria  supernatants  were  loaded  on  top  of  homogeni¬ 
zation  buffer  in  SW40  centrifugation  tubes  with  0.5  ml  cushion 
solution  (62%  sucrose,  3  mM  imidazole,  pH  7.4,  1  mM  EDTA)  at 
the  bottom.  Centrifugation  was  done  at  100000  g  for  60  min  at  4°C 
and  Rab5a  vesicles  were  collected  on  top  of  the  cushion  solution. 

In  vitro  vesicle  fusion  assay 

The  assay  was  performed  as  described  previously  with  modi¬ 
fications  [16,17].  Briefly,  EGFR-DsRED  endocytic  vesicles  and 
EYFP-Rab5a  vesicles  (aliquotes  of  both  contain  20  pg  proteins) 
were  gently  mixed  in  a  total  volume  of  20  pi  fusion  buffer  (10  mM 
Hepes,  pH  7.4,  1.5  mM  MgOAc,  1  mM  DTT,  50  mM  KOAc, 
100  nmol  arachidonic  acid,  1  mM  coenzyme  A,  5  mM  GTP, 
complemented  with  4  pi  of  an  ATP-regenerating  system  contain¬ 
ing  1:1:1  mixture  of  100  mM  ATP,  600  mM  creatine  phosphate, 
and  4  mg/ml  creatine  phosphokinase).  After  incubating  with 
indicated  purified  proteins  at  37  °G  for  40  min,  a  portion  of  the 
reactions  were  spotted  on  slides  and  examined  using  Zeiss  LSM 
510  Meta  confocal  microscope.  All  images  are  representative 
single  optical  sections.  Colocalization  analysis  was  done  using 
MBF_ImageJ.  For  reactions  in  Figure  5,  PA  and  PI  were 
incubated  with  control  eluates  or  the  TIP30  complex  in  a  total 
volume  of  200  pi  fusion  buffer.  Resulting  lipids  were  purified  using 
Bligh-Dyer  Method  [31]  and  incubated  with  vesicles  in  homog¬ 
enization  buffer  (250  mM  sucrose,  5  mM  Hepes,  pH  7.4)  on  ice. 
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Figure  6.  Fatty  acylation  of  phosphatidic  acid  promotes  vesicle  aggregation.  Lipids  were  extracted  after  incubating  100  nmol  PA  or 
phosphatidylinositol  (PI)  with  1 00  nmol  arachidonic  acid  the  TIP30  complex  or  control  eluates.  Lipids  were  resuspended  in  homogenization  buffer  by 
sonication  and  were  mixed  with  EGFR-DsRed  and  EYFP-Rab5a  vesicles  in  in  vitro  fusion  buffer  at  37°C.  Resulting  vesicles  were  spotted  on  glass  slides 
and  images  were  taken  using  confocal  microscope.  Scale  bars,  5  pm. 
doi:1 0.1 371/journal.pone.0021 233.g006 
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A 


PA+control  eluates 


C  PA+recombinant 

TIP30,  ACSL4,  Endo  B1 


B 


PA+TIP30  complex 


D 

PI+TIP30  complex 


E 


Triacylglycerol 


Figure  7.  Fatty  acylation  of  phosphatidic  acid  induce  vesicle  tethering  and  stacking.  Effects  of  acylated  PA  on  vesicle  fusion  were 
determined  using  electron  microscope.  Lipids  were  extracted  after  incubating  PA  with  control  immunoprecipitates  (A),  PA  with  immunopurified 
TIP30  complex  (B),  PA  with  recombinant  TIP30,  ACSL4,  and  Endo  B1  (C)  or  PI  with  immunopurified  TIP30  complex  (D).  Each  of  these  lipids  or 
triacylglycerol  (E)  was  suspended  in  homogenization  buffer  and  incubated  on  ice  with  EGFR-DsRed  and  EYFP-Rab5a  vesicles.  The  resulting  vesicles 
were  examined  using  TEM.  Scale  bars,  500  nm. 
doi:1 0.1 371/journal.pone.0021 233.g007 


Electron  microscopy  studies  was  performed  as  described  previ¬ 
ously  using  TEM  JEOL  100CX  [12]. 

Protein-lipid  overlay  assays 

Protein-lipid  overlay  assays  were  performed  essentially  as 
previously  described  [32].  Briefly,  membrane  strips  (Echelon 
Biosciences  Inc.)  containing  15  pre-spotted  lipids  were  incubated 
overnight  at  4°C  with  recombinant  proteins  (10  jig/ml)  in  TBST 
with  5%  milk.  After  being  washed  with  TBST  10  min  each  for  3 
times,  the  strips  were  incubated  overnight  at  4°G  with  specific 
primary  antibodies  against  the  recombinant  proteins  in  TBST  with 
5%  milk.  The  strips  then  were  washed  again  and  incubated  with 
corresponding  fluorescent  secondary  antibodies  at  room  tempera¬ 
ture  for  1  hour.  Images  were  acquired  by  scanning  the  strips  using  a 
Li-Cor  scanner. 

Lipid  acylation 

Purified  endocytic  vesicles  (aliquots  containing  20  Jig  proteins) 
were  incubated  with  indicated  proteins  and  [3H] -arachidonic  acid 
(PerkinElmer)  in  the  presence  or  absence  of  10  jiM  triacsin  C  at 
37°C  for  1  hour  in  a  total  volume  of  200  pi  fusion  buffer.  Lipids 
were  extracted  using  Bligh-Dyer  Method  [3 1]  and  resolved  on  silica 
gel  60  TLC  plate  with  chloroform/ethanol/water/triethylamine 
(30/35/7/35)  as  the  solvent.  The  TLC  plate  was  exposed  to  Kodak 
Tritium  Sensitive  Storage  Phosphor  Screen.  Images  were  acquired 
by  scanning  the  screen  using  a  Molecular  Dynamics  Storm  860.  For 
preparation  of  lipid  derivatives  from  PA,  PI  or  LPA,  100  nmol  lipids 
were  incubated  with  immunopurified  TIP30  complex  or  recombi¬ 
nant  TIP30,  ACSL4  and  Endo  B1  in  the  fusion  buffer.  Resulting 
lipids  were  purified  using  Bligh-Dyer  Method  [3 1] . 


MS/MS  spectrometry  analysis 

MS/MS  spectrometry  analysis  of  PA  derivatives  were  per¬ 
formed  in  Avanti  Polar  Lipids  Inc.  Briefly,  PA  derivatives  were 
extracted  according  to  Bligh-Dyer  method  and  redissoved  in 
methanol/chloroform  (85/18)  with  10  mM  NH4OAC  and  1  ug/ 
ml  NH4OH.  First,  standards  of  17:0-20:4  PA  and  17:0-20:4  PI 
were  prepared  in  the  above  solution  and  infused  in  the  API  4000 
QTrap  triple  quadrupole  with  linear  ion  trap  instrument  for  opti¬ 
mization  of  collisional  energy  to  provide  mass  fragments  of 
arachidonic  acid  (20:4)  at  303.2  u.  Then  samples  were  flow 
injected  into  the  MS/MS  in  negative  scan  mode  to  discover 
products  from  the  described  reaction.  The  m/ z  value  was  used  to 
search  the  most  likely  molecular  species  at  http:/ /www.lipidmaps. 
org. 

Statistical  analysis 

All  statistical  tests  were  two-tailed  t-test.  Data  represent  means 
±  SEM.  *P<0.05,  **P<0.01. 
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